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ADSTRACT ’

{ij Teclmical resuiis obtained ai the coupletion of

the contract effort are desvribed for the Advanced
Cryogenic Rocket Engine Progiem, Acrospike. This pro-
gram includes analysgisz and preliminary design of an
advanced rocket eungine u=ing @ aecrospilke nozzle and
experimental evaluation ef critical technelogy related

1o the avrospike coucept. Cowmponent and system features,
physical arrongewonts, design parameters and deiails,
operationa) charscteristics, and performance have been
eglablished for arn optiwum demonsiralor engine. Studies
woere mide of application of a flight engine to certain

E ' veliicles. DExperimestal injector perforwance invesiligations
and experimenial ceoling investigntions on segment chambers
were coiducted, producing thie target combustion per-
forwance, Various waterials were studied for long

life of thrust cliamber cooling passages aud the target
iife was demonstrated. TFull-scale, cooled thrust cham-
bers were fabricated and tested for overall combustor
and nozzle performance demonstrations, Injector failure
limited thesc tests; however, nozzle and combustor per-
formance were as predicted when not influenced by excess
icakage. Structural and cooling ecvaluations were con-
ducted on a scgment embodying essential elements of the

Yemonatrator chamher degign.
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NOMENCLATURE

Faremeter
area
aerodyramic threst area
geometric throat area
oxidizer turbine throttle valve area
tapoif throttle valve area
turbine nczzle isentropic gas velocity
thrust coeff{cient
specific heat at constani pressure
overall nozzle efficiency
primary nozzle velocity coeffirient
bore diameter x speed
modules of elasiicity
thrust
ultimate tensile strengih
tensile yield atreugth
coolant mess velocity

fluid flowrate

gaseous nitrogen
gassovs oxygen

hot—gas--iguition
specific impulse

one thousand
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Units

in.2

.2

in,

in,

.2

in.

.2

in.

ft/sec
Btu/1bm-R

mm X rev/min
psi

1bf

psi

pai
lbm/in.2ﬂaec

£3l/min

.

1bf/sec/1bm

(a= noted)
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I‘:\; = coefficient of thermal expansion in./in.-R
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< ~ nozzle expansion area ratio —
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? n efficiency -—
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K Poisson's ratio —_
P density lbm/ft3
¢ standard deviation —
ohyd hydraulic stress pei
O‘y yield strength psi
T ratio of secondary-to-primary flow (by weight)
ch coolant curvature heat transfer —
enhancement factor
qJE coolant entrance heat transfer -
enhancement factor
Pe coolant roughness heat transfer -
enhancement factor
f
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INTRODUCTION

(U) The Advenced Cryogenic Rocket Engine Program, Acrespike Nozzle Con-
cept, started I March 1966 with a 17-month duration (later increased to

:
were to evaluate eri

«

with the aerospike concept and produce the preliminary design of an ad-

vanced hydrogen-oxygen engine of the characteristics given in Table 1.

(v) Technology deemed critical to the aerospike concept for the foregoing
engine were injector-combuster design, cooling tube life, full-scale com-
bined chamber and nozzle performance and stability, throttling, ignition,
and chamber structure. Several annular type injectors had been operated;
however, the definition and characterization of an injector for the speci-
fied operating range and performence remained to be done. It was necessary
to select a tube material for the specified life and operating requir ements
and demonstrate the ability to cool under these conditions. Several seco-
spike thrust chambeis had proved the no¢zle concept, and it was then desired
to demonstrate the full performence potential of the nozzle st grownd level
and altitude over a wide throttling and mixture ratic range with a high-
performance injector. Lastly, it was necessary to eveluate the ability of
a lightweight structure t¢ maintein a predictable threat arce and the cool-
ing and sealing of thisstructural tie acress the chamber ever the throt-

tling range.
(U) The total effort vas comprised of two majer tasks:

Task 1, Analysis and Design

A. Hodule Degign
B. Application Study

Task 2, Fabrication and Test

A. Injector Performance Investigations
B. Thrusi Chamber Cooling Investigation
€. Thrust Chamber Nozzle Demonstratien
D

. Segment Structural Evaluation
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TABLE 1

(c) ENGINE CHARACTERISTICS

Nominal Vacuum Thrust, pounds

Minimum Delivered Specific
Impulse

Throttling Range
Overall Mixture Ratio Ranyge

Expansion Ratio

Durability

Single Continuous Run Duration

Engine Starts

Thrust Vector Control

Control Capability

Propellant Conditions at
Engine Inlets

Envirenmental Conditions

Engine Vehicle Intecsface
Conditionas

250,000 al nominnl mixture ratio

96% of theoretical shifting I at rated
8p
thrusi

95% of theoretical shifting I __ during
throttling *p

Continuous down to 20 percent of rated
thrust

Engine operation from 5.0 te 7.0
Nowminal design point 6.0

Aera ratio(s) representative of hooster
and upper-stage applicatiens. Overall

static engine diameter will not exceed

100 inches.

10 hours time between overhauls, 100
reuses, 300 starts, 300 thermal cycles,
10,000 valve cycles

Capability from 10 seconds to 600 seconis
Multiple restart at sea level or altitud:

Amplitude: *7 degrees; Rate: 30 deg/sec;
Acceleration: 30 rad/sec2

+3 percent accuracy in thrust and mixtare
ratic at rated thrust., Excursions from
extreme to extreme in tkrust or mixture
raetio within 5 seconds.

10,: 16 feet NPSH from 1 atmosphere boil-
ing temperature to 180 degrees

Lil,: 60 feet NPSH from 1 atmosphere boil-
T iang temperaiure to 45 R

Sca level to vacuum conditions

Combined accelerations: 10 g axial with

2 g transverse, 6.5 g axial with 3 g

transverse, 3 g axial with 6 g transverse

The engine will receive no external power,
with the exception of normal electrical
power and 3000 psia helium from the
vehicle,
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(U) As work progressed, the status and progress made was reported in (B@f. l) !

I
quarterly progreas reports, first through sixth. Technical effort on thie |
coniract terminated 31 October 1967. This report covers all of the tech- !

nical work for the 20-wonik period supplemented as noted herein by two

~ G BT o RN

other special &rea reports. The first is a special report on the Applica- %
tion Study (Ref. 2), Task IB, and the second is the Materials and Procesn ;
R&D report {Ref. 3) covering the fabrication teckmiques used during this E
program,

o

‘
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SUMMARY

MODULE DESIGN

{U) The objective of this task was to formulate a preliminary design of

an aerospike engine to provide: (1) dewonstrated high performance over

the specified thrust and mixture ratio range, (2) versatilily to operate
efficiently and repeatedly al any altitude, and (3) long-life capability
sufficient te perform any missions between overhauls. The specific re-
quirements are delineated in Table ¥. A functional analysis of the engine
system and its requirements led to 8 series of tradeoff studies to establish

the configuration,

(U) The cycle selection involved a tradeoff between the tapoff cycle and
the gas generator cycle, and between a series and parallel turbine arrange-
meat. A parallel turbine tapoff cycle was selected because it cffered a
eimpler, lighter-weight system with better start characteristics and

higher performance during throttling.

(C) The thrust chamber parameter selection iucluded the selection of a
straight-walled ceuwbustion chawber because of increased performance and
simplified chamber construction. The chamber pressure was established

at 1500 psia (nozzle stagnation pressure) based on advanced vehicle appli-
cation studies, and heat transfer analysis confirmed that this was within
the limits of regenerative cooling using nickel tubes, The nozzle area

by the prescribed 100-inch-diameter, the 750K thrust level,
thrust chamber geometry, and the chamber pressure selection. The Demon-~
strator Engine area ratio is 74.1:1. The nozzle length was optimized on

a performance-weight basis at 25 percent of the length «f a 15-degree

half-angle cone of the same area ratio.
(U) The throttiing and mixture ratio control system selection invelved

a study of the possible control points, coutrol logic, and operating en-

velopes Hoi-gas valves located in series, one in the main tapoff duct

BONEIDENTIAL
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to control thrust and one in the oxidizer turbine inlet duct to control
engine mixture ratie, were selected because of higher performance, lighter
weight, and control flexibility. A claged-loop logic system was selected

to meet the accuracy, safety, and response requirements of the engine

‘system. A mixture ratio excuraion at constant chamber pressure was se-

simplifications and more favorable vechicle application results.

(U) a hot-gas ignition system was selected for the thrust chamber be-
cavse it promised light engine weight, rapid tank head start, unlimited
restart capability, uniform ignition, and high reliability. A spark
ignition system similar to the J-2 gas generator was selected for the
central hot-gas igniter Lecause it offered a simple, lightweight system

vwitl: demonsirated reliability,

(u) A two-stage centrifugal design was selected for the fuel pump because
it offered low weight and high efficiency together with good stall char~
acteristics., A single-stage centrifugal design was selected for the
oxidizer pump because the low head and wedium flowrate are ideally suited
to such a design. Axial flow preinducers were selected for both pumps,
with hydraulic turbines used for the driving power, Because hydrodynamic
considerations dictated different speed ratios, the hydraulic turbine was
lecated behind the preinducer in the fuel pump, and in the preinducer

hub in the oxidizer pump. Three-row, velocity-compounded turbines were
selected to power the pumps because they offered the Lest performance vs

weight tradeoff.

(U) A wmechanical gimbal system was selected because it has the character-

igtics of high reliability, versatility, long life, and low cost.

@OR][FI]IIQI‘ET!)&!L
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Fngine System .

(U) The Demonstrator Module schematic, showing basic elements and propel-
lant flow paths, is shewn in Fig., 1., Iudividual oxidizer and fuel turbo-
puwps are used with the turbines driven in parallel by hot gases tapped
from the main combustion chamber during mainstage operation. The exlhnust

from ihe turbines is discharged through the base closure into the nozzle

bhase regioun, producing an increase in base pressure that contributes to

TGNITER
LANT

MAIN A\ s

OXIDiZER CHAMRER
VALVE — (' £
FLOWMETER 1 y/// HOT-GAS
OX1G1ZER /’//41‘ IGNITER ~NAIN FUEL
PRE | NDUCER
DRIVE LINE

OXIDIZER
TURBOPUMP

FUEL TURBINE
OXIDIZER

CALIBRATION
TURBINE % 0RIFICE
THROTTLE LESEND

VALVE

—HOT-GAS IGNITER = gg'{o?‘z\:n‘
[SOLATION VALVE Cizd dx101 ik

Figure 1. Demonstratoer )
total thrust, The complete thrust chawber and i1njector are regeneratively
cooled with fuel. Thrust contrel is achieved with the tapoff throttle
valve located at the Y-junction of the two tapoff hot-gas ducts, ¥ugine
mixture ratio is controlled by a throttle valve lccated at the oxidizer
turbine inlet. Ignition is accomplished under tank head pressures with

the use of a separate hot-gas igniter (HGI}, This component produces hot
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gases which are discharged into the turbine drive ducting and used to
provide both the initial turbine spin and the ignition energy source for
the main chamber. The temperature of the hot-gas igniter is controlled
Ly an automatic oxidizer pressure regulator in the HGI inlet line, Once
main chamber ignition is achieved, the HGI is shut down with its own
liquid propeilant shutoff valves, and the combustor body is isolated from
the tapoff system by closing the HGI isoiation valve. Engine shutdown is
achieved simply by closing the oxidizer turbine valve and sequencing the

main propellant valves to previde a fuel-rich cutofi,

(U) The projected operating paramcters are shown in Table 2. The general
arrangement of components and subsystews and major dimensions of the eu-

gine are shown in the layout, Fig. 2,

(U) The thrust structure provides support pads for the turbopumps hot-
gas igniter, control components, and inter- TO TEST STAND
OR VERILLE
face panels., Accesaibility VR

for asystem checkout and compn- t TURBOPUNPS

\ D!SCONHECT
/ PANELS

DISCONKECT
FANEL

nent repair has been provided
in the design by making the

thrust chamber easily removable

w*

from the thrust structure.

This exposes all the WAJOY o oNNEET

components, which are PANEL

N2 LIV VAR

X

RS

mounted directly to the

six radial bLeams of the thrust
structure. The base closure
also is removable from the
thrust chawber to provide
access to the internal cavity
from below without removal of
the thrust chamber (Fig. 3 ).

Figure 3., ZEngine Accessibility
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(C) Yhe total weight of whe Demonstraior Module was calculated to be
34950 pounds, which represents a system with basic Flight Module design
similarity, while incorporating test flexibility deusign featuves and de¢-
sign conservatiem cousidered prudent %o meel demenstration, cost, and

schedule objectives.

(C) The combustion chamber performance for the Demonstrator Module was
based upon tests coanducted over & wide raunge of chamber pressure and mix-
ture vatios during Task II. Based on the test data obtained, a c¥ effi-
ciency of 99.6 percert has been predicted for the Demonstrator Module at
fuli-thrust and 6:1 nowmjnal mixiure ratio. Analytical studies of a non-
adiabatic nozzle determined that at the full-thrust, nominal mixture ratie
design peint, an overall engine specific impulse efficiency of 97.01 is
achieved (including etfects of heal loss, visceu= drag, divergence losses,
and kinetics losses). This yielda an actual specific iwpulue equal to
450.1 seconds at 1500-psia chumber pressure and 6:1 mixlurce ratio. The

specific impulse varies with thrust leve! and wixture ratio.

{(U) The design of the aerospike engine includes allowances to account tor
performance variations that reault from havdware tolerances and calibration
inaccuracies. Decause the aerospike eungine is closed-loop controlled on
chianber pressure and mixture vatio, the engine is first calidbrated fer de-
sign thrust to establish thie exact nominal chawber pressure, Component
weviations, such as turbopump efficiencies, are compensated for by chaug-
ing the turbine flowrate and hence the pump power reguired to weet the
chamber pressure and mixture ratio input commands. These variations have
virinally ne effect on total thrust and less than a l-second =ffect on

specific iwmpulse.

Thrust Chgmber

{U) A sunmary of the thrust chamber design peremeters is presenied in Table

3 « Materials and fabrication techniques utilized are state of the art with

BONEIDERTIAL
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strong cmphasis on cost end low weight.
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TABLE 3

THRUST CHAMBIR DESIGN PARAMETERS

Length as Percentage cof Equivklont
Area Ratio 15-Dlegree Cone, percent
Throat ares, in.2
Overall Diawvter, inches
Overall Height, inchaes
Contraaiion Area Rutie
Expansion Area Palio
Mean Combustor Diawetler; inches

Combustor Widih, inclies
Thrvat Gap, inch

Length Injector to Throgd, inches
Tube Material

Number Tukes OQutexr Bodly

Number Tubes Tuner Dody

Number Subsocnic Struis

25

85.14
Jj0o.0
55.90

~M 3T
E=d s

74.1
93.0

2.0

0.281

6.0

Nickel 200
4400

1240

e——

4o -

Features counecied with critical

technology evaluated in Task Il ewbody {the informatiovn gained and config-

Theys iuveclude:

combustor shape, nozzle contour, injector pattern, tapoff lecation end do--

egign, cooling tube materisl,
LOQ manifela priming, assemb(y sealiug,
and accessibility provisicus for thrust chawber

during developnent,

testing,

{U) The thrust cheaber design is shown in Fig. k.

structural arcapgrwent and throamt geouetrvry,
cooling tube heat tranafsr criteria,

and injector imspecticn

Each of the coubustox

assemblies is Fuhricated of brazed wickel tuwbing whieh forwms cylindrical

o

.sections with cealed munifolds &t each end.

pori structuve is subseguently adkerively Boended to the tubes

The lightweight titanium gup-

: bodies

ave connected by &0 regeneratively cooled svbsenic struts, each radially

instelled in the ancuiar cowbustion chamber area will two preloaded boitse.
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1
(U) The cooling circuit is shown on Fig.

vides the dual function of (l) ducting hot

The tapoff wanifold pro-

- W

ases from the igniter to each
compartment of the combnation chamher at st

[

from the combustion chamber to the turbines to provide power for the pumps

during mainstage operation,

Turbopumps

(C) The fuel turbopump was designed to meet the maximum head and flow- {
rates shown in Table 4 and provide net less than a 75 percent efficiency

over the wixture ratio excursion at full thrust. The fuel turbopump con-

sists of & two-stage centrifugel pump, a three-row turbine mounted on a
comuon shaft, and a concentric integrcl, hydraulic turbine-driven prein-
ducer, The main pump assembly and the preinducer assembly are Loth sup-
ported on propellani-lubricated, rolling-contmct bearings. The main pump
asseahly operates at a nominal speed of 35,000 rpm, acd the preinducor
operates at a nominal speed of 14,535 rpm. The design laycut of this
turbopump is shown in Fig. 6 . Turbopump axial thrust is balanced by !

means of a hydraulic balance piston located between the two main impellers.

(U) Turbine discs are bolted together and torque is transmitted with

curvic couplings, and a spline drive t¢ the impellers. The turbine sut-
beard bearing is mounted on six struts with pinned ends. The preinducer
assewbly is designed so that it can be developed independently of the

main turbopump asseubly.

{C} The oxidizer pump was desigued to meet the moximum head and flow-
rates shown in Table 5 and to provide an efficiency not less than 73

percent over the mixture ratic excursion at full thrust.
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(C) The oxidizer turLupump cousists of a single-stage centrifugal pump
and a three-row furbinc wmounted on a common shaft and r concentric in-
tegral hydraulic turbine driven preindicer, as showm in I'ig. 7 . The
hydraulic turbine-driven preinducer is made up of a four-stage hydraulic
turbine mounted in the hub of the preinducer and driven by higl~pressure
(2000 paia) LD, that ie tapped from the main puwp discharge, fiow through
the turbine, and then returns to ithe wmain pump inlet. This turbine is
moanted rigidly on two propellant-lubricaied, rolling-contact bearings
and is directly connected to the preinducer and rotetes ai a nominal
speed at 6000 rpm. The main pump assembly is straddle-meusted on two
rclling-contact bearings and runs at a nowinal speed of ¢5,000 rpm. The
pump bearing is lubricated with Lﬂg; however, hecanse the covvironwent
downstream of the turbine beariug seal is hydrogen-rich, the turbinc
tearing is lubricated with GHQ supplied frow the thirust chazber fuel in~
let wanifold.

{1/} The preiniucer assembly is designed so that it net only can be de-
veleped separately from the wain pump assembly, but can also be mounted
remotely frow the wain pump asseuwbly, if desired. The eunly comncciiun

aeeded is the high-pressure supply lime te the preindocer turbine.

Igniter

(U) Tie specific design rugquiremenls for the hod--gas igniier (HGL) are

P

taken from twa pointsg he star

o+

in {1 sequence.  Initasniign o turbine epin
14 : : - sie . . .
toccurs immediately after ignition of the hot-gns 1gn1ter) e yain cham-

bar igonition,

) |
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(U) During the period of igniter eperatioun, the propellant mixture vatic
to the igniter musl Le counlrolled because of variations in oxidizer and
fuel pump dischirge pressure buildup. For this reason, an oxygen prea-
gu-e regulator is included in the oxygeu feed system to maintain a bul-

anced inlet preasure to the igniter.

y
3
¥
¥
3
x

(U) The volume required in the igniter combustor is determined by the
propell at stay time and ie approximaiely the volume of an B-inch-diameler
sphere,  Therefore, the maximum 1D was set at 8 iwches, The atay tiwe in
the combustor is 1.10 milliseconds ai igniter start and 1.68 williscconds

at engine ignitioen,

Wols] T R BA T e TR 8 LR

Coutruls

(L) The total throttliug and mixture ratie control system is shown =che-
matically in lig., 8 . Facility-mounted compouents a-e siwuwn separated
from eugine-mcu..ted cowponents by tlie dashed line. LElectrical signal
flow is shown Ly Lhe heavy lines connecting rectaugular blocks iaentified
in the sclhematic. Sign:rl eummation accure al the cirsles with interior
crosses in accord with the sigu shown.

(1) The throttling valves will he driven Ly integral hydrauii: actuatovs,
which will be positioned by hydraulic servovalves. Integral vith the

valve actuators will be variable-reluctance-tvpe position iraasducers

. o
mod :

carvier signal feedbnck, TFppine fuel tlow aund engine

oxidizer flow are measured volumetrically by turbine flowmeters
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(U) Tradeoff studies of the tapoff throttle valve were performed to
select the cptimum configuration, considering poppet, butterfly, and ball

valves,

(U) A poppet valve wes selected. The major advantages were the linearity
of tne nctuator atroke vs flew ares relatiouship, the case in modifying
that reiationship by contouring the poppet, the good flow distribution

during throttling, and the simple basic design,

(U) The tapoff throttle valve is a normally open pressure-balanced and
coutouvau valve which is actunated by a hydraulic actuator. The actuator
piston is attached directly to the poppet by a piston rod which eliminates
all backlash,

(U) The main oxidizevr valve is a normally closed "visor" valve which is
installed in the hLigh-pressure L02 line between the pump outlet and the
thrust chamber. The valve is a modified ball which is operated by a preu-
matie linear actuator through a link-lever mechauism., Valve position in-
formation is provided by a position transducer.

{v) Tue main ruel valve is icentieal 1n design to the main oxiaizer valve
with the possible exception of flow direction. The vaive can be used with
flow in either direction by mod:rfying the bellows seal. The flow direction
for both valves is selected to minimize the poussibility of collecting con--
densed moisture in the valve, so the final selection of flow direction

will be based on careful evaluation of the valve location in the system,

Fiight Module

{C) The Flight Module differs from the Demonstrator Module in that nearly
all cubgystems and cowponents employ welded intercommects snd assemblies

to minimize system weight and improve reliability. Compounent arrangements

CONEIDENTIAL
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within the eungine Lave been modified Lo rellect the technological improve-
ments and refinements characterizing the Flight Medule. The configuration
thus evelved employs a greater degree of symmetry regarding propellant
feed ducting, lot-gas tapoff ducting aund engine thrust wount. The secpa-
rate turbine exhausi ducis are eliminated as a result of improvement
modificationa to the turhopumps, which allows recessiug the turbopuips
lower iuto the eugine cavity, and which alse aids in attaining engine
thrust mount symmelry. The result is a shorter, lighter engine than lhe
Demonstrator Module. The overall diameler remaius the sawe al 100 inches;
however, the lemgth is reduced from 56.55 1o 48.3 inches, and the weight
is reducced from 3950 to 2939 pounds., An advanced, tapered-wall combustion
chhamber geometlry wus evolved from the parallel-wall Demonstrator Module,
whicli permits an increase in the center line diameier from 93.0 to 94.0

inches, and a resultant arca ratio incrcase from 74.1:1 t¢ 75.8:1.

" (C) Small improvements in the turbopump efficiencies are projected whicl,

together wich advancements in other component and system designs, result

in an improvement in engiue gpecific impulse frow 450,1 to 452.0 seconds.

APPLICATION STUDY

(C) The prime objeciive of this study was to define a siugle enyine mod-
ule which provides a high preformance index {ui the vehicle applications
defined by the Air Force. Six vehicles were defined for a 250K vacaun
thrust module, and six vehicles were defined for a 350K vacuum thrust
sreint vehicle concepis iliustrated the diversity of
potentiial applications; including first and second stages, single-stape-
to—orbit, single engine and clusiecred configurations, and recusable and

expendable stages.
(U) vraramciric performance index data were generated as a function of

module diameter, mixture ratio, and chumber pressure. The analysis of

these datn led to the determination of Lhe parameters of the upiimum

BONFIDENTIAL




;;:
; woduie for eacli vehicle and the common wodule for each thrust level (250K
E

and 350K).

L s

(C) It was concluded frow this study that ilhe couwon medule for ihe £50K
veliicles should have a diameter of 78 inches and a rated thrust chamber

pressure of 1300 psia. The wodule is truly common in that ther

Lucy Gie no

[+]

engii:e changes or modifications required from vehicle to vehicle. The
percent ¢f the oplimun performance index which can be achieved by the

use of the cemmon module as compared to the optimum module wans determined

for each case.

(¢) Thus, commen module parameciers for the 350K vehicles were determizned

to be a diameter of Y8 inches and a rated thrusi chamber pressure of 1370

psia.

(C) 1In general, the lower-stage vehicle mwodule optimizes at higher cham-
ber pressure thaun the mudules for the upper-stage vehicles, and the recover-
able vehicle modules vplimize at significantly lower charber pressures

than dv those inr the expendable vehicles. The optimum Pc never exceede

2000 psia. For each case, 250K and 350K, the optimum pressures are
approximately the same; as anticipated, the optimum diameters are larger

for the 350K modules. This sume trend sppears in the common modules;
pamely, 1300~ to 137C-psia chamber pressure for voth, and the 250X common
module has a diumeter of 78 inches compared to the 98 inches diameter for

the 350K com.on module.

— e e— L i n el L L R
0T ST O T ORI .

{U) Addilional perturbaticns considered, bused on the selected common

module for the 250K thrust class vehicles, were:

1. Constaut thrust mode in lieu ¢f the selected constant chamber

pressure conirol mode
2. Nozzle per-ent length variation

3. Programmed wixture ratio

GONEIDENTIAL
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h, The use of a side gas injection thrust vector countrol svstem iu

lien of a mechmuical ginbaling system

PABRICATION AND TEST

{) The objective of this large part of the contract effort was to denon-

P A MR TTY AT R PR

strate the technologies considered critical to the aersspike denonstrator
engine, The Ilnjector Performance Investigntion Subtask was tuv provide a

basis for the selection of a high-pevforming iujeclor fur the 250K test-

TP T T

ing, to evaluate heat flux geunerated by various iujectors, to evaluate
injector durability, tu develop a gas tapoff technigue that would yield
a suitable working fluid for a turbine, and te evaluate the conbustor
shape for the 250K and Demvustrator Module chambers. The Thrust Chauber
Cooling lnvestigation Subtask was te provide a basis for tube material
sclection for the Demvnsirator Module, te define regenerative-cooling
Iimits, to provide heat transfer design dala, and to provide information

ou the life of the cooling tubes., Injectors frow the Injector Subtask

were to be used in the Ceouling Investigations. The Thruet Chamber Nozzle
g g

Demonstration Subtask was to demonstrate performance of the complete,

Y WP

full-scale aerospike combusior and nozzle combination over the operating
rauge, to evaluate base bleed effects, and to evaluate stability, cperat-
N ing characteristics, and preliminary structural effects., The Segment
F Structural Evaluation was to evaluate the lightweipght structure of the
Pemonustrator as to its ability to maintain throat gap to verify cooling
end sealing of the structural parts and perfurmance over the operaling

range, and to obtain structural design datn.

() A summary of the requirements for each subiask and the accomplish-

wents is presented in Table 6 . All cbjectives of the Injector Perform-
ance Investigation subtask were achieved plus several items which were
identified as valuable. The original goals were exceeded in the Cooliung

Investigation Subtask in the avea of cyclic life evaluation and cooling

BONFIDENTIAL g
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TABLE 6
() PHASE I DEMONSTRATION REQUIREMENTS AND ACCOMPL] SHMENTS,
TASK TI FABRICATION AND TEST ITEMS

.-
Regquitcnents Arcomplimlments
Injes tay Forfamman. ¢ Tavest) getion
el Segoent)
Confimratfan wele:tion Tsaluatien of promi<iug camdndate 1ufector deayus | T2i[bet  afector configuration aels tid
Terfarman o Lyaluation Effict of wariatinne af cenbmation chamber dimone | Parallel wall chi--ber eonfigurmion welected affoeisncion of
atans and theattllng ool e LM wrre abtupard hedacen chamber preoswares of Tuo
10 15 & At vamnn) @ivture et
Trrad thaty Full sparating range a
NEERTRITN
Stabilsty ~tabli nperatiou cver mpnture tatio rany of 5.1 =tuble operairon thiougheut teat weriva bood teat j-edu-ed ne
te 71 rustained dinturhance
Tajotf Not reuired ey tapaff feapitility d-menstrated.
Tanitfon ratitility with chagher and 1njicter confy, - Hyporgnlie fgnitinn ackieved wit! TEAR and «7r: Tiot-gas

Ation gnitien ahown to he fra-ible

Throttiing 501 10:]1 threttling arhieved oad uprating capabiiitic: fodicoted
by teats o 1700 peia

Alternate Corflgurat innu Not required Two tnfrctor conflimratsans {10 faroveisc triplet) shown o

provide highoporforms titica

capn

Numer of Tents g i qnfectar teet candor ted {plus JU0 teats on related [regrun-

Xughir of Teat Hardeacs Ttems rognent Tus anlid-wall wrgments plus reala cacnt parin
Fioven e tors with 3 wodifi-utions

1hrunt “hasber Canling Tnveataigation

Materials mid Process Freportics featunte tule ratoriale suck as wivkel. copprr, Siohe) 2 wnlreted for tnhe oatertal, Be Cu--39 ealocied for
and stairdens tecl snanible fature uae.
Talarafery I'ntigm Frapertics “aC requined Fatigue peop rties «bareed (o supplemert analvtical conparisan

of candidate materiala: NMiekej o
af greater than 240 (y-len

o faun? to have 1ife rxp ctancy

Tube Fatigue T atang Temperat ye @ 1 omtrain effecte tyelge aife of Mekel 200 deaonetrated to be 310
Regonerstive @ yoling Capahilities Mavimg Chamher presmte canling capatalitiea-s
thiattling «ffects of asppleg..tary cooling en ¢
xyckel Yegment Nickn] iio.gurcesfully vooled chazber presaurc of 310 1o 15%0
pria

Caprer Sogoent

—sncreaafully cooled chanler pressure of ur ta 15 pan

ftafndeens Steel ~tainlesa »licinated. nat suitable for 1Ife Tequiresent.
Film ~uoling fiund to reduce ¢, will rot he uard on deson-
«tration engim

Sement Uyl Toxting

rAtive cnniiny - apahilitces plas % wecks of | Tectw cogpleted on Nickel megment, 33 vyilee an ons megneni
tor cycl= rvaluazion of Nchel

Number el ot T Ceatn

(ieaml Gate teating % conitug towte plua 1, cyelic tesds (333 cades piue 13
cynlyng testn on related propays?

st of Tert flo

ore Ttous Thire L. tuke

I omeguents Titrne suhe-vsll segments

BTR Tha nerotagsl emancoveg

Juyectir &) Fasilite sheboar

ine tosta with malrdowel) chazbe « andicctes aatiafactor
fajertor and facil.ty operation

Tapaff segturiian chann-= papef* tupeff foeaibic
o noe camaon TArte
Teuiaen Hotogne 1011163y thiw frasitnl o gitansiratean ! Hypeegelso Agnitaon temt conducten natisfaciertly. Hetogas
: prelizoars tost asing hyperg-d vgaityan teet n € conducted
Friang Nat reparced rafars Jrim j of vsidicer -yaten srheeved cver full apera-
ting range
Stamifiy e tVoaeca s avveves af chaher prossucea Tvo paler teote:  with e brsane tevales, e ald
afger wan ool palaae sery reperirn od on subsevucny testa
Cemiuntie BP0 drney Te Ve eaporiment Uy cokinned Forlformance up to " oy P oung Liles gual
Noula HIfidency To e erperinentaliy svelustod Subrowall teatn himitag to 9100 po i and eclid-rall ata tube-

WAl tests cuirerfenis to theor;

Thartdl “~ thaaper presanre 80 290 1o 1TOU peis completrd en mofid
! WALT-obUT % B0 en tnbe wall
Ba.: Ploed Trow 1 % atceat af totel fl1a L, Bleed garen from 0T 4 VA
Altltade Fffecty Tratita to he conds ted wt simceted 81titude Nnt eandoeted
o .
Wirtere hatin Va 1030 IR IR TR | Traretar op=1afin doas 30 30 701 wivture rulio performacc
Eh wtpated at 51 and L1

Nomber of 1aate 4T teats 1o cempleted

Numbor of Herdwoie 1tens Gar aol.eocxll thrant chash

One selid—e}! thraat churoer

Twa tub--wal! hrnal shasiess Tes tule.anll throat chankers
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limits on ithe selected material. The thrust chamber nozzle demonsiration L
task was only partially completed due to thc occurrcnce of a couwbugtion

ogcillalion which was not resolved during the contract period. Subsequent

to the work on this coniruct, progress wag made in reducing the combusiion

oscillations level ou the NASA Advsnced Engine Aerospike Program. Gromnd

level performance was obtained at 600- and 900-pei chawber pressure.

The objectives of the Structural Kvaluation were achieved with the excep-

tion that maximum chamber pressure and rcgeavrative-~couling operation

a2t the maximum wall temperature were obtained on different tests hecause

o facility limitations. Throttling demonstration was not attemptled

below GUO-psi chamber pressure,
(U) Hardware items fabricated aud tesis conducted are summarized below.

Iiem Pl anned Actual
2.5K Selid-Wall

Segments 2 2 and replacements
Injectors 4 11 and 31 modifications
Tests 50 128

2.5K Tube-Wall
Segmenis 3 3 tested
Tesgts 52 25

250K Experimental

Solid-Wall Chambers 1

Tube-Wall Chambers 2 2
Injectors 2 2
Teats 45 14

20K Structural Seguent

Seguents 2 2
Injectors 2 2
Tests 20 131
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Thrusti Chamber Performance

(C) Performance results were obtained frem the 2.5 injector investigatien,
ihe 2.9 tube-wall tesiing, the 20 sepment testing, and 250 fyll-scale
acrospike testing. Four diiferenl injectors were investigated, with many
minor wodificalions of the mest promising, from the standpoint of perform-
ance, dnrability, ignition, stebility, threat heat flux, and tapoff gas
properties. The triplet pottern shown in Fig, 9 wa: selected and developed
to satisfy all requirewents as determined by the segment testing. FEach 2,5
injector unit was fabricated with four injection strips whereas the 25K
injector used seven sirips per baffle compartment. Cowbustion (c*) effi-
ciency for this type over the operating range is shown in Fig. 10 and cx-
ceeds the values necessary to obtain the required 96-percent apecific
impulse efficiency at rated and 95 percent at throttled. This in‘ector was
tested in a %-inch-long chamber as compared to 6-inch-long (2-inch-wide)
chamber selected for the Demonstrator Module and experimental chamber,

and only a small performance laoss (less than 1 percent) was experienced.

(U) Performance data gathered during the 2.5K tube-wall segment testing
with the identic:l combustion chamber and injector ere summarized in

Fig. 11 and corroborates the solid-wall test resulis. Performance data
from the 20K segment testing with the same injectox pattern, extended to
cover three full compartments, are shown in Fig. 12 and adds contidence

in the performance results. It is significant that thisg segnent contains

i w nn

the Demonstrator Module baffle configuration indicating that the design

produces no adverse effect on perfermance. |

(U) The 250K injector utilized 280 of the strips defined in Fig./ 13
arranged in 40 compartments, 7 strips per compartment (hetween batfies)
as shown in Fig. 14 . This injector was fired first iu a solid-wgll

chamber, and then in tube-wall chambers. C* efficiency from the 250K

GORFIDENTIAL
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( Figure 10. Triplet Injecter Performance in the 2.5K Segment
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FUEL BIAS
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’Gf)ﬂﬂw
0| 0° 2 PLACES \ /
} __L__ /

—1715° 2 pLaces 0.150 )//n
,/// ' \\\

0.040

RADIUS -0.025
d RAD I US

30° 4 PLACES

~—— LOX SECTION A-A

0.0368- INCH
Di AMETER

N~ FUEL,
0.070-INCH
D! AMETER

STANDARD STRIP

O 0

b e

0
O
o /jk* {‘
:]L\\>_ SECTION A-A
LOCATION OF
;:rx/ TAPOFF HOLES

- ADDITIONAL FUEL

STRIP FOR TAPOFF LOCATION BONFIDERTIAL

Figure 13, 250K Candidate Triplet With Fuel Post

(No. 6-1A to 6-1D)
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solid-wall testing is not reliable because of the large effect of the
water film coolaut. Resultis from the limited 250K tube-wall testing are
shown in Table ? . The lower ¢ values ou lests 27 and 28 may have been
cuused by coolant lcaks inte the cowmbustion chamber whichk develop during
these bwe tesis. These data indicate thal ihe combustiion perfcrmance
obtained on the segmenis is obtainable on the full 250K chamber when the

durability problem of this workhorse hardware is solved.

(U) Nozzle primary flow perfermance from bo‘h the solid wall and tube
wall validates theorctical values and prcvious'background data, as shown
in Fig.15 . Nozzle base pressure also compared faverably with prediction,
as shown in Pig. 19, Overall, impulse efficiency obtained mei the con-
tract goal on the one test in which coolaul leaks did not occur; however,
it was below larget on the others because of the aforcmentioned coolant
leakuge snd short duration. Corrccting for the leakage on rcasonable
estimates of its effect brings ilhe impulse performance {. ike goals.
Furthermere, use of combustion effiriency from scgment tests and nozzle
performance irom the full-scale tesis shows that performance goals can be
mel. Figure 17 shows the three 250K tube-wall test points relative to

performauce predicted from nozzl: hoil~fire data and scgment combustion datla.

Thrust Chamber Cooling

{U) Cooling criteria are strongly tied to life requirements and the tube

matarianl Arcordinelv tha conline invegtioaiion encaomnacand oanc_aido
material. Accordingly, the coeling investiigation encompassed gas-side
heat transf , coolant-side enhancement, material conductivity, material

properties related to processing, material fatigue resistance, tube fatigue
life, overall segment cyclic life, and overall regenerative-cooling margin,
An analytical model was established to relate the many variables, and
experim nts were conducted in the laboratory to cbtain the necessary

information.
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TABLE 7

e e

TUBL-WALL THRUST CHAMBFR PERFOHMANCE DATA SUMMARY

Test Number

023 027 028

Test Duration (90-90% P.), seconds
Specific Impulse, seconds
Flight Syslem at Test Pressure
Flight System at Vaecunm
Specific Impulse Efficiency
Flight System at Vacuum (Based
on Shifting Equilibrium)
Cowbustion Efficiency (Bused on
Shifting Equilibrium¥
Nozzle Efficiency

Flighi System at Vacuum (Based
on Shifting Equilibrium)
Anbient Pressurc¥*, psia
Injector End Pressure*, psia
Nozzle Stagnatlion Preasure, psia
Overall Engine Mixture Ratio*, o/f
Injector or Primary Mixture Ratio*, o/f
Mcasured Thrusi®, pounds
Total Gxidizer Flewrat ¥, 1b/sec
Total Fuel Flowrate*, 1b/sec
Fuci Dump Flowrate®, 1b/sec
Centerbody Flowrate*, 1b/sec
Total Coolant Flowrate*, 1b/sec
Oxidizer Injection Temperature*, R
Fuel Injection Temperature*, R
Coolant Inlet Temperature*, R
Oxidizer Injection Pressure¥*, psia
Fuel Injection Pressure*, psia
Coolant Inlet Pressure*, psia
Cxidizer Injector Pressure Drop¥*, psi
Fuel Injector Pressure Drop*, psi
Geometric Throat Area®, in.2

Nozzle Area Ratio

0.40 0.27 0.800

1

343.7 |342.2 334.7
143.6 | 435.1 25.8

0.9548 10,9340 | 0.9156

0.97:3 10.9623 | 0.9493

0.9615 | 0.9502 | 0.9508

12,30 }12.20 12.30
608.8 |824.7 897.9
605.9 |821.2 894.1
5,730 14,852 5.277
4.930 [5.017 5.884
76140 96611 109251
185.72 238,41 | 278.15
62.26 |100.91 | 106.67
22.91 |51.78 51.76
1.68 1.61 5.4%
60.58 199.30 102.85
232.8 [215.0 212,92
469.6 {381.9 416.5
100.3 |105.3 103,0
640.0 }890.5 995.8
766.2 1975.5 1042.3
1611.6 12080.1 | 2171.2
31.2 65.8 97.9
158.0 [150.8 1444
87.570 181.515 | 81.895
72.06 |77.40 77.04

*Measured Values
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TEST NO.

027 '\\\

P ey

e
=7

I

; il
 BONFIDENTIAL

ADP 250K TUBE-WALL THRUST CHAMBER

1 ADP MEASURED MEASURED-ADJUSTED | __
TEST NO,  PERFORMANCE PERFORMANCE
//// 023 a [
027 a a
028 0 ® ]

EXPECTED PERFORMANCE AT TEST CONDITIONS

106 1000 10,000
PRESSURE RATIO, P /P
c &
Figure 17. 250K Tube-Wall Thrust Chamber Specific

e R A i = =i = e -

Impulae ve Pressure RNatio
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) (C) Detailed heat trausfer measurements at axial wall station locations

v highily instrumented waler-cooled segment testing. Data

were developed by calorime.ric measurement of water {emperature rises

for a range in chamber pressure of 300 to 1580 psia and mixture ratic

range of 3.31 to 9.7]1 in 120 tests. Data of the axial heat flux distri-

butior vs length are shown in Fig. 18 for a nowinal mixture ratio of 6.0

The nearly proportional increase of local heat flux with chamber pressure

is shown. Isolation of the peak heat flux to a local region in the throat

vicinity is illustrated. Experimental heat flux data (Fig. 19) defined

a slope of 0,8 with chamber pressure which confirms that a turbulent ;

boundaxy layer exists in the throat region.

(U) Confirmation of the water-cooled testing integrated heat input

value for the combustion zone and throat region has been provided by

tube-wall segment test data, as shown in Fig. 20. The anticipated slightly

higher heat input values shown for the copper tube-wall segment are due

te the lower wall temperatures provided by a higher wall thermsl comductivity.

(C) On the coolant side, experimental values of the iuner- and outer-

body tube combined roughness and curvature factors (¢;¢¥) determined from

individual heated tube tests and segment tests are shown in Fig, 21 . At
the throat locations indicated for the irmes and outer body, combined

!
factor experimental values of 3.C and 2.5 are found. ‘
|

(C) The analytical approach led to the selecticn of several candidate !
tube materials: Nickel 200, Nickel 270, boron deoxidized copper, beryl-

lium copper alloy 10, type 347 stainless steel, and Hastelloy-X. The

selection of this initial material candidate list was based on a prelimin-

ary cyclic 1ife prediction obtained from the latigue diagram, and fabrica-

tion and brazing confidence. The laboratory materials-evaluation effort,

in conjunction with Rocketdyne's previous and concurrently generated

CONFIDENTIAL
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Yigure 18, Fxperimental Heat Flux Distribution From 2.5K Water-
Cooied Segment Tests
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Figure 19, Throat Heat Flux vs Chamber Pressure
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fabrication and cost experience, led to the selection of Nickel 200 as
the tube material for immediate and long-range application to the eero-

spike engine.

(U) A relationship between thermal analysis and mechanical fatigue was

then used to obtain & thermal fatigue diagram (Fig. 22).

zon I A 1 v LI AL R ]
MEAN LINE FOR 100 TO
N 1500 F THERMAL
E 160 =z CYCLE LIFE PREDICTIONS
& 5‘_: ROCKETDYNE TESTS
£ & ‘AT 1100 AND
“ N F
- A N E0.0SO 1400 !
z N 7 N LITERATURE ] :
c 8o < K TESTSAT 500 F i
3 = & I (EXTRAPOLATED]]
3 = 0.640 e
w4 S
50.030 o]
L RS N I N 8
00 %00 71000 7500 20 0.020 300 300 500 800 (1
TEMPERATURE, F GONFIBENTIAL CYCLES

Figure 22. Low-Cycle Fatigue Characteristics (Nickel 200) {

(C) Additional tests were conducted on an operating condition simulation
tube tester to verify the life of Nickel 200 in fatigue creep. Results

of these tests are shown in Table 8

(C) The mist realistic demonstration of the cyclic life of a candiuvate
tube material is afforded by hot-firing.segment tests. The 2.5K nickel
wall segment was fabricated to demonstrate +this cyclic life. Three
hundred and fifteen start-shutdown cycles have been successfully completed
with no indication of tube erosion or overheating. These tests were con-

ducted with a nominal tube-wall temperature of 1520 F,

!_
‘-.
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(C) A series of sight tests from chawber pressures of 310 to 2050 psia

was also conducted ori n related program with a 2.5K nickel tube-wnll seg-
ities of nickel tubular designs.

(C) The copper tube segment was operated te 1600 psi; however, it did

not pnssess the fatigue, fabrication, and strength margin of the nickel,
Operation of the 20K segments with nickel tubes, with the same cooling
circuit as planned for the Demonstrator Chamber, to 1500-psi chamber pres-
sure, and for 47 seconds duration at 1100 psi on a related program, serves

to demonstrate further the regenerative-cooling capability.

(U) This cooling investigation provided data for design of long-life,
high-chamber-pressure thrust chambers, and demonstrated both cooling

margin and fatigue life of this type of chamber,

Lightweight Structural Evaluation

(U) The objective of this effort was to evaluate the selected siructural
arrangement in its ability to maintain predicted throat dimensions and

to provide advanced structural, heat transfer, and fabrication caxa for
a lightweight demonstrator module chamber design. To satisfy these zon—
ditions, a three-compartment rectangular segment was constructed. The

segment includes two subsonic stiruts,

BONFIDENTTAL

ment to extenda available information on the regencrative-cooling capabil-
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(U) The three-compartment segment approach provides close simuiwiion
of the maximum tube-wall thermal sireas which cccure in ihe throat iegiovn,
maximum coolant bulk temperature rise in the high heat flux area of the
throat and combustion chawmber, and a close approximation of pressnure

loade that will occur in the 250K module.

(U) Three compariments with two subsonic struts represent the shortest
segment lengih required for continuous beam simulation. The rectanguilar
‘combustor lengthe are the equivalent arc length of the module at the

throat diameter. Also, construction of ali structural parts was closely
simulated.

(U) To verify the calculated stresses acting on the lightweight backup
structures on ithe 20K structural segment and the 250K demonstrator design,
four strain gages were installed on each of iwo structural baffle bolts,
and addilional etrain gages were installed on the horiz. atal and vertical
ribs of the titanium backup structure. The location of these geges wes

selected to provide data on load distribution paths, maximum stresses,\

and resultant moments.

(C) During the series of 20K het-firing tesis, a range of chamber pres—
sures from 600 psi to excess of 1500 psi were achieved. The baffle bolt
véereé meussured on each of the tests. Resulis indicaled excellent

agreement between the measured and calculated bolt load.

BONEIDENTIAL
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(U) The throat gap was monitored throughout the test series by tuking
measurements with a ball-iype gage inserted into the gap. These meas-
urements indicate that the backup structure had no signs of plastic

vielding and therefore was quite prediclable, DEven afler the hardware
was partially disassembled and reassembled, the threat gap returned to

its original position.

(U) An enalysis of the 20K structural segment was conducted to determine
the menner in which threat area would change as a funciion of external
loads (chamber pressure), The loads, stresses, and deflections of the

20K segnent structure were mcdeled on a computer progran.

(C} Thnsse analytical siress predictions were shown to be in good agree-
peni wiilh the measured vaiuee, The same znalysis predicted throat
deflections which regult in approximately l-percent throat area increases
per 100-psi chamber pressure. This increase in throat avea is favorakle
to performance of & full-gcale engine, At full-thrust conditions, the
Demonstrateor Module would operate at the design area ratic. Aa the cham-
ber is throttled, throat area would decrease, and the expansion area
ratio of the thrust chember would be increased accordingly. Based cn

the analysis of the 20K structural segment, the area ratio of the full-
ascale chamber would be increased approximately 12 percent at the full-
throttled condition.

(U} Cooling and sealing of the structural ties across the combustiion
chamber wereentirely satisfactory with two complete assemblies. Likewise,
there was no adversze effect of these siructural ties on performasce or

on cooling of ihe throat downstream of them., The 20K Segment Structural
Evaluation demonstrated conclusively the abiliiy of a lighiweight-iype
structure to hold throal dimensicus with satisfactory cocling of all

perts and witbh no performance effect.
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{C) Experiwents wvere conducted on the 2, segaents to obtein gas suit-
able for powering turbings by tapoff from the thruast chamber. Mixture
ratio of lacal areas at the coamparlment ends was aitered by seliecuing
injection orifice arcas in produce the desived tewper.iure, eand by varie-
tions in tapoif pert lecations. Three teats with the final configuruiion

produced tapoff teaperatures of 1060 to 1400 F over the operating ranges.

(¢} 1gvition of the seguments hy meana of U1 «ad by TEAR waz satisfac-
tory. Likewiss, CTF injecticn into eachk comparirent on ibe 250K and
verifying a pilot flame proved entirely auccessfuil. Hoil-ges ignition

was proved fepsible in & releted segment tesl program, and now only the
combination ¢f hot-gas igniticn wiih tapoff ports remains to he completed.
Hot-gee ignition was not acvomplishcd on the 250K chasber because of dam-

age in the injector which hed those provisions.

{) Priming of the frll circumicrential oxidizer manifold on start wae
even and symetlrical and werified an analy tical model of the fil)ling

proceas.

(C) The 2.5K acgmeni tesiing revealed no instebility or significant com-
bustion ogvillationa over a chexdber presesure rangs fron 300 to 1500 psy
and mixture ratio from & 1o 8. Moderate oscillations were experienced

at approximutely 1200 and iS00 cps on the 20K segment, thoughi to be

feed system. No damage or perlofawice

effccts were found in long~duraticu teating.

(U} A rotating wode of combustion vscillation was chacrved on the 250K
tube-wall charber testr. Even though the smplitude wae not ecevere, the
oscillativn had the e¢ffect of incercusing heat transfer avoung the Laflles
and bringirg shout conclant leaks in baflfles ardgd tuben behind balfles.
Attenuation of this mode of oscillatiorn remains to be ancompligshed at

the end of the contraci, ESnbaeguent 1o the work on this coutracl, work

on the NASA Advanced Engine Aerospike Program produced results on this
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coubustior oscilletion., Modifications te the LO2 fecd ~ystem and to the
haffien to vreduce betier compartmentatior attcnuated ike oscillation. [7}
Damage was reduced to a level such that iong (7 second) duration tests

were conducted.

{c) Majox damege was experienced on the No, 1 25K tube-wall asaenbly
because of overh=ating of the iunjecter edges resulting frem braze joint
leakesge in combination with hot-gas recirculation in the injector-te-
chawber gap and the circumferential combustion oscilletion, Filling of
these gaps on subsequent assemblies solved this problem. DBasic durability
of the strip-type, triplet pattern injeector was demonsirated by 225 start-
stop cycles on one injector unit and 80 tests of 11 different units on

the 2.9K segment tesi program.

Fabrication

(v) Tapering, forming, and brazing of stainless steel, nickel, and

copper tuhes of the umall, highly tapered aerespike configuration was .-
accomplished. Furnace-braze tooling and processes wers developed so that i“)
four inner and four outer bodies were successfully completed on this and

a related NASA program. Techniques for ensuring balanced coolent passages

and repairing demage were euployed., These chambe.'s are illustrated in

Fipg. 23 and 24. Likewise, valueble experience was gained in successfully

completing and firing three injeclors (including NASA unit) with geveral

r

improved processes for close canirel and reduved cest.

(U) fTne fobrication of the 20K lightweight structure segment proved
the workability of the demonstrater baffle seat, baffle, and tube-wall
design. Experiente with adbesive Youding of the titanium structure to
the nickel tubes wus gained, pointing up areas requiring close contiol
puch as assembiy fit ap and clewuing—priming of the two surfaces to

be joiued.
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CONCLUSIONS AND RECOMMENTATIONS

(v) 1.

all requirements to demonstrate the aercspike capability in late 1969

The Demonstrator Module design evolved in this effort meets

to provide a base for development of & high-performance, flexible,
longlife Flight Module.

(u) 2.

a relatively simple system design using only two hot-gas valves as points

Thrust and wixture ratio excursion requirements can be met with
of control: one valve to control total topoff gas flowrate and one valve
to control oxidizer turbine gas flowrate. A closed-loop control systew

is simpler, lighter, and more complementary to vehicles and test require-
ments than other alternatives. The aerospike engine will, however,

operate satisfactorily open loop.

(c) 3.

operate regeneratively coeled at 1500 psia and deliver, and & mixture ratio

It is concluded that the Demonstrater Module cen be designed to

of 6:1, theoretical shifting specific impulse efficiencies in excess of

96 percent at rated thrust and 95 percent at throtiled conditions.

{(c) &.

should have a design chamber pressure of 1300 psia &nd a diameter of 78

From the application study, the commorn 250K aerospike engine
inches. There is no significant performance imdex advantage to increasing
the 250K or 350K aerospike engine design chauber pressure to & value greater
than 1500 psia for any one of the six Air Yorce defined vehicles and mis-
sions, The reusasble vehicles all require zigmificantly lower engine cham~

ber preszures to maximize performance iudex than do the expendabls vehiclea,
P

(c) 5.
in both one-half compartment (2.5K) end Lhree-corpartment (QOK) segments

Performance testing of the selected triplei injector paitern

indicates this injector delivers a combustion (c*) efficiency sufficient
to meet the overall specific impulse requirements for the engine for the
nominal mixture ratio. Complete chumber (QSOK) results at 40.percent

chamber pressure verified segment findings.

ST
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(c) 6. Secgment testing is an effective and low-cost means of evaluating
aerospike thrust chambers and injectors for performance, injecter duva-
bility, coolinvg life, and ignition. The limits of application of segments
should be enlarged to cover thrust chawmber durability, stability, and
reliagbility by duplicating the propellant fced passoges and combustion

compar tments of the complete chamber,

(C) 7. Coubustion was oscillatory and dawaging on the full-scale cham-
ber. Since combustion was stable over a broad operating range, on the
one-half compartment (2.%) segments, was oscillatory but not damaging

on the three-compartment (20K) segment, and injector propellant feed
passages and degree of compartmentation of cowbustion varied widely among
the three, it is cencluded that these factors are connrected with the degree
of stability achieved. Feed system and baffle modificatiens were helpful
in attenuating the combustion oscillations on the 250K thrust chamber on
the NASA Advaucce Engine Aerospike Program subsequent to work on this

contract.

{C) 8. Based on the tangential oscillations experienced during testing
of the full-scale annular chember, it is recommended that subsequent aero-
spike engines consider the segmentation of the propellant manifolds to
avoid feed system combustion process coupling. Tt is further recommended
that the thrust chamber baffles be sealed toc the thrust chamber walls and
be of sufficient length to ensure that the combustion energy is released

within the baffled compartment.

(v) 9, Nozzle performance results for the s=inrcted design from 250K
solid-well and tube.wall testing were close to predicted values from cold-
flow models, 10K, and 4 hot-firing tests. Nozzle performance is suf-

ficient to meet the overall specific impulse requirements for the engine.
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(U} 10. Injector durability has been demonstrated by one 2.%K-segment
injector undergoing 229 tests with no leaks, the many 2.9 units fired,
and a 20K injector undergoing repeated tests up te 47 seconds duration,
250K testing has shewn the necessity to minimize intercompartmental and

local gas circulation.

{(U) 11. Hot-gas tapoff from the combustion chawber for turbine drive
with the compartmented aerospike thrust chember hasz been demonstrated to
be feasible. The feasibility of hot-gas ignition of a chamber segment,
with the tapeff ports serving as hot-gas entry ports for ignition, has

been demonstrated on a chamber segment (on a related program).

(U) 12. The NASA Sysiem and Dynamics Investigation manifold studies and
250K hot-firing tests have shown that the current aerospike liquid oxygen
manifold design will fulfill thruat chamber start and shutdown require-
ments. TPriming times are predictable with a developed analylical model

for all required flow couditions, and ignition and buildup are satisfactory.
Shutdown characteristics with gaseous nitrogen purge have beeu shown to

be centrollable and accefptable.

(U) 13. Successful completien of furnace braze of four outer-bedy and

lies (two each sn the NASA Sysien

four inner-body 250K tube-wall assewb
and Dynamics Investigation program) demonstrates the werkability of this
tovling and fabrication procedure. As the dewmonstretor module tube bun-
dle is designed o use this same tooling, modified for detailed differences,
it is believed that a similar one-for~one success can be achieved for that
chember. Many techniques for dimensional control, checks of details be-
fore assewbly, and multipie-ztation tooling, particularly applicable to
annular injectory and chaxbers, were developed for reduced cust of future

units.

(C) 14. Testing of both copper and nickel tuse wall segments to 1500

p8i chamber pressure illustrates vhe capability of regenerative cooling
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¢f the demonstrator chamber combustor shape with a high-performing injector. {
Testing of a nickel tube segment with a 99-percenti c* efficiency injector to
2050 psi chamber pressure on a related program with no damage to the tubes

demonstrates a measure ¢f cooling margin available,

(C) 15. Frow analytical studies, laboratory materials fatigue tests, i
brazing tests, tube tester simulation tests, and hot-fire experience, it z
is concluded that Nickel 200 is superior to stainless steel and pure (OFHC) :
copper as & Demonstrator Module thrust chamber tube material. However,
beryllium-copper shows greal long-range promise a=z a superior material

to nickel when available in tube form.

(C) 16. Testing of a second nickel tube-wall segment for 31k start-stop
cycles has demenstrated adequate fatigue life of nickel tube material.
Over 280 of these cycles were from ambient to maximum tube-wall tempera-

ture with material plastic strain as predicted for the Demonstrator '

Module, This conclusion is supported by materials testing, tube-tester
simulation tests for the same number of cycles, and an analytical model ¢
of the heating and strain-producing process.

- -

{(C) 37. Testing of the 20K segment irom 000- io 154G-psi chamber pres-

sure and for a duration of 47 seconds, regeneratively cooled, demonstrates

the capability of a lightweight structure with structural ties through

the combustion chamber to maintain a predictabie thrcat gap through the
operating range, Ability to cgol the structure and seal the cooling cir-
cuit was also demonstrated. Combustion performance and overall heat flux
measured on the 20K gegment tests compare favorably to 2.5K segment re-
sults and, therefove, to the data used as a basis for Demonstrator thrust
chamber predictions., The use of adhesive bonding will require special

care during fabrication.
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TASK I, DESIGN AND ANALYSIS

DEMONSTRATOR MODUIE DESIGN

Objectives and Requirements

(U) The requirements for this subtask were as follows:

(U) Module Design was to include preliminary designs of the Demonstrator
Module and the generation of parametric data required in the application
study. Therefore, this effort was to include a comprehensive analysis

of performence, cooling, system control, and engine weight. An analysis
was alse to be performed to identify features needed to enhancc the ver-
satility of the module design for use in a broad renge of vehicle appli-
cations. From the preliminary module design, detailed component designs

were to be derived for the test articles to be used in teatin,.

(U) Detailed designs were to be conducted for long-iszad Zime items re-
quired for fabrication of Demonstrator Module turicwwpa. 4An gnalysis
of the contrel system was to be conducted to dzfive cominol system and
gervo luop requirements. Frelimipary design of (ontral sysism componenis

were to be completed.

(U) The objective then of the Faasc I Demenstrator Medule Besiyr and
Analysies Task was to define desigu requivemenis for & fall acele uuginQ
te be built in Phase Y1 and used 1n 2 demsnstration test series ot aite
and altitude conditions. The test series will demonstrate perfsmence,
operating characteristics, combusiion stability, dursviiity, elhivade
restert, start and cutoff behavier, and contrsl churacierintics. Specific
design goals arc listed in Table Y . Sufficieut detuiled h&rdwnre'deeign
was to be made c¢n the engiune sysitem and critical compancents such gs the
thrust chamber, turbopunps, and control elements to permit ivitiatjon of

long-lead item procurement within 4 to ¢ monthe after Fhose 3 gu-ghizéo.
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(c)

TABLE 9

DEMONSTRATOR MODULE DESIGN HEQUIRREMENTS

Nominal Vacuum Thrust

Minimum Delivered bpec1f1;
Impulse

Throttling Range
Overall Mixture Ratio Range

Expacaior Ratic

" Durability

Single Continuousz lun iurat101

Inginc Starts

 ;TContru1 kapablllby

Py
“ e

[

U

Propeilany ‘Chdl‘iaﬁg az LxgzuL

Inlete

N

“Environmental Conditions

L. e

Ingiaa/Vehicie a[.or¢ﬂta

- Concations G

T
@ﬁ iu[Pd

 Txcuvrsious trom extrem:
“torust or miviuve ratio within &

“LH, : 60 Tcet

‘Sea ievel to vicuum conditions,

- tracsverse, 3 ﬂllﬂi with G g

250,000 pounds at nominal mixture ratio

96% of “heoretical shifting I at rated
thrust

95% of theoretical shifting I_ during
throttling

Continuous down to 20% of rated thrust
Eugineg operation from 5.0 to 7.0

Nominal design point 6.0

Area ratio(s) representative of booster
and upper-stage applications. Overall
static engine diameter will not exceed
1035 inches

1! hours tine between overhauls, 100
reused, 300 starts, 300 therwal cycles,
19,000 valve cycles

Capability from 10 to 600 seconds

Falsiple restsrl at sea level or
Caitivade

3% arcuracy sn thrust
ratic at rated thrust.
t¢ extreme in

luas or ninus
and mrxbuge

scconds

10,: L& feet NUSH fiom 1 atwosphere
buiiing tesnperature o 180 it
t NPOII from 1 atmospﬁere

.o bodlizg teupercture to 45

o
Com-

10 z axial with
€©.5 ¢ axial with 3 ¢

ined secceloxyations:
2 g transvarsc,

Pk

treusverse

Flight Module desipgn withsut regquire-
wente for exweras,. paer. with the

exeption of nowina!l elecirical power
and J000-p+ia helivw from fhe vehicle

b BRI L

P

S A S o e s e s

A Y

.-

St

et N o - kY )

I S ik

RPN

“

oty




Sumzary._of Werk Accomplished

(U) The effort expended on Task I during the contract period was defined
by the objectives to include the Demonsirator Module analysis and design
poxtions of the contract. Under the analysis portions, the effort was
broken down into asystem trade studies and design support analysis. The
trade studies included a re-evaluaiion of the pump power cycle (tapoff

Vs gasg generator) apd the turbine arrangement (series vs parallel), an
investigation and selection of the optimum module control points (liquid
ve hot-gas valves contrel) and control logic (open loop vs closed loop),
tnd a selection of the optimum operating envelope (constant thrust vs

constant chamber pressure mixture ratio excursions).

(U) The design analysis began with an initial estimate of the system
engiane balance. Thie defined preliminary engine parameters to be used

in the first preliminery system and component designs. Feedback from
the design groups then provided a hetter basis for more accurate system
palances. These data were then used in predicting the system performance '
and in Tormulating a system starti model. The sensitivity ¢f the asystem :
to design changes was studied, and the effect of manufacturing tolerances

was incorxporated into the calculatien of the system design paremeters, i

Final engine performance and weight calculations were then made for beth

a Demonstrator Module a#nd a projected Flight Module.

(U) Under the design portion of work, the effort was broken down into
system design, turbomachinery design, thrust chamber design, and controls
design. The system design included an investigation of alternative thrust

structure concepte which considered different types of siructural members

(s0lid beams, trusses, honeycomb) as well as different locations of the ]
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gimhel poiut, Yhe major coaponent locetiona Aand interfaces were deter-
wined and the availshle envelopes defined. The systew design integra-
tion function included the preliminary design of all of ithe intercomnect
ducting and compouent support mounts. An overall wmodule design Iayout

was theu coupleted together with separate subsysten layouts.

(U) The turbomachinery desigu e€fort began with besic design trade
studies in ordev to select the pump, preincGucer, aud turhine configura-—
tion. Centrifugal and radinl designs wers studied for the pumps, separate-
and integral-drive arrangements were studied for the preinducers, and dif-
ferent numbers of wheels were studied for the hot-gas turbines. After the
basic design concepts were selected, analytical studies were conducted to
optimize such design features as the impeller blade profile, the turbine
wheel confipuration and attachment, +the axial thrust balance mechanism,
and the bearing suppert design. Fipally. & rotodynamics analysis was
conducted to ensure that the turbopumps operated safely away from the
critical speeds, Pump and turbine performance was predicted in support

of the system analysis effort. The tesk was concluded with the prepara-
tion of detail design layouts including the selection of materials, bLear-

ings, and seals,

(U) The thrust chamher design effort inclnded pecformance, structural,
and heal transfer studies of the combustor and nozzle, thrust chamber
support structure, injector design, and base closure design. HMHeat trans-
fer analysis of the combustor ané nozzle included the selection of an
appropriate cooling circuit and tube material, and the prediclion of the
regenerative-cooling circuit pressure drop. In addition, the tube desipn
Lhad to Le optimized with respect to size, contour, and thickncss in order
to meet thie performwance and life goals. Several altermative combustor
support structure designs cowparing different materials and hending con-

cepts were stud.2d in an effort to minimize weight. The injector design
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was studied tou optimize cowbustion performance as well as ensure satis.-
factory tapoff sud igniticn characteristics., Altcrpative injeetor mount-
ing cuncepts were studied in ccnjusction with the sussoniz sirurtural tie
design. Desigr consideratiors for the latier iucluded stenctural re-
guirements, tapoff pori provisiene, and ceoling circuit requirements.
Different bese closure designs were sindied witli diflerent ecuniing
concepts in erder to atisin moxizuay performauce with minimum weight., A

detril thrust chamber layout was coupleted.

(U) The cositrals design effort was conducted in two basic sress, pei-
foruance controller logic and velve mechanical design. The former con~
sisted of formulating contreller legic aund functiocnsl desigr and then
perforaing system control analyscs on an esnalog medel. The mechanical
derign ffort included an evoloation of different design concepis fer

the liquid progellant velves (poppet, butterfly, and visor) and the
hat~gay tarotile valve£>(bﬁiégzzdvggéggf,'canvcntiﬂnu} poppet, butterlly,
and visor). After the ¢ .ncepl zelectiou wone made, design layouts were
completen fer the iwo mtin lignid propellant velves wnd, also, for the

hol-gas tapoff throttle wvulve,

Bemonstrator Module Desigr Svmmary

(V) The major trade siudies that served te establish the basic Demon-
strator Module configuration included the power cycle evaluation, tle

selection of the throttling and uixture ratioc contro! nystem, the {nr-
design selection, mnd ihe fhrusi chamber combustor config-

urutior, selection.
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(U; 1he crcle trade study involved & comparison of the fapoff and the

o8 gzrerater cyrles, and a series and parallel turbine arrangement. A
tapofl cyelie wiih pa}aliel turbines was cunfirued superior because it
offered a simpler, lighter-weight sysiem with better ateri characteristics

aud higher periormance during throttling,

{U) The throttling end mixture ratio conirol sysiem selection invelved

a eiudy of the possille control points, contrul legic, and cperating en-
velopes., Hot-gee velves locnted i perier, one in the main tupoff duct

to coutrel thruast and one in the oxidizer turbine inlet dact to counlrcl
engine mixture ratic, were s~lectecd because o¢f higher performance, lighter
weight, and control flexibility. A closed-loop logie sysiem was selected
to meot the accuracy, safety, and response reguajrements o«f the engine
system., A wixture ratio excursion at constant chamber pressure was se-
lected insicad of a consiant-thrust excursion becsnae of control system

gimplifications and more favorshle vehicle applicatiow results.

(U) 2 two-stege centrifugal design was selected for the fuel pump because
it offers low weight end high efficiency together with good stall charac-
teristice. A single-siage centrifugal design wes selected for the oxidizer
pump because the low hend and modium flowvrate are jdeally suited 1o such
a design. Axial flow preinducers were sclected for bouth pumps with hy-
droulic turbincs used for the driving pow2r. Because hydradynamic con-
giderationa dictated differeut speed ratios, the hydraulic turhine was
located behind the preinducer in the fuel pump, and in the preindacer

hub in the oxidizer puap. %Three-row, velecity-coupounded turbines were
selected to power the pumps brcanse they offer the best performunce ve

weight trudeofy.
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{U) ‘ihe thrust chamber design analysis included the selection of &
straight-walled combusticvn chanber because of increased perforumince and

simplified chimber comstruction.

(C} The final Demonstrator Module design hes & maximum overall diameter
of 100 inches and a length of 56.55% inchem, and the dynamic envelope dia~
weter is equal to the stimtic envelope diameter because the gimbal point
is located in the plane of the maximum diamefer. The overall engine di-
mensivns apd the physical relationshipe of the components are shown in
Fig.25.

{/) The Yeamonstrator Engine schematic, showing badic elements and pro-
pellaut flow pathi, iz shown irn Fig.26 . Individual oxidizer and fuel
turbopumps are used with the turbinee driven in parallel by hot geees
tapped from the main combustion chawber during maiustage operation. The
exhaunt from the turbines is discharged through the base clusure ints
the nozzle base region, producing an increase in Daze pressure that con-

tributes to totsl thrust. The complete thrust chamber end injector are

“regeneratively cocled with fuel. Thrust conirel is echieved with the

taposff thrcttle valve located at the Y-juxciion ¢f tbm iwe {apoff bot-gus
ducts, and engine mixture ratio in cuntrolled by o throitle valve loceted
gt the cxidiczer turbine inlet. Jgnition is sceoaplished under tank head
pregsures with the use of & separate hot-gns igniter (361}, %his com-

ponent produces hut gases which are discharged into the turbine drive
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ducting and used to provide both the initial turbire apin and the igni-~
tion energy source for the main chember. The temperoture of the hot-gas
igniter is controlled by an automatic oxidizer ypressure regulater in the
fGI inlet line. Once main chamber ignitioen is achioved, the HGT is shut
down with its own liquid-propellant abutoff valves, and the combuator bedy
is isolated from the tapoff system by clusing the I:Y ivelution valve,

Engine shutdown is achieved simnly ﬁy clezin

)

ng
and sequencing the main propellant valves to provide a fuel-rich cutoff.

(C) Using & systems enginecring appioach, the evgine mechenical design
wag divided into the following four functional auhsystems: thruvst, pro-
pellant feed, turbine drive, and hot~gas ignition. Tre thrust subsystem
is comprised of the thrust chamber ard irjector. the thrust siructure,
and the base closure., The thrust chamber ccnaists of twu rcgeneratiively
cooled nickel tube subascemblies, referred to &x the inncxr body &ad the
outer body, connected by 40 regeneratively cooled subsconic strute. The
inner-body tubes have & 2:1 splice approximately 4 inches downstream of
the throat with nickel uased in both se- "ions. The injector is formed

by radially mounting 240 copper injector strips on an Inconel 625 struce
tural body. Each strip is 2 inches long and 3,4 inch wide, and contains
eight triplet patternas with two oxidizer orifices for each fuel orifice
(same triplet pattern as demonstrated in Task 1I). The thrust chamber
tubes are supported by & mechanically jointed segmented titanium structure
adhesively bonded 1o the tube bundle in the area of the combustion zone,
and by eight Inconel 718 cempression rings mounted between the {hroat and
the nozzle exit on the inner body. The engine thrust structure transwits
thrust from the ihrust chamber to the gimbal bearing mounting pad located
on the engine centerline, It is cowprised of & radial beam/hub asscmbly
and 8 trugs cone/intermediate ring assembly, which is bolted to the back-

gide structure of the cowbustion chamber body. The thrust structure alse

" provides suppori pads for the turbopumps, hot~gas igniter, contro! com

ponents, and interfoace pancls,
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(c) ™ propellany feed subsysycm is compriced of the liguid-prapeliant (‘) ;
ducts, valves, asd turbopumps, The wain valves sre visar (modifs=d bail)- . ;
type valves whick provide on-off contro) only. The owvidizer punp is @ ‘
eingle-elape centrifungal type driven Ly 8 threg-row, velociiy~comprunded,

**** i of 25,000 spa. It ie provi-
ded with & preinducer drivern by a lub-moanted hydraulic turliine wzing
Iﬂ2 tapped 5ff the punp discharge. 'fhe puup in sealed from the fuel-vich
turbine gases with & triple-geal package consisting of two Lydrodynawic
liftoff secundary mcals and & primary, purged-shaft riding seel. The fuel
punp is 2 two-atage centrifugal type driven by & three-row, velociiy-com-
prunded, hoi-ges turbine cperating at 8 nominal speed of 35,000 xpe. The
fuel puap preinducer ic driven by en initernal, through-flow hydreulic tur-~
bine. The turbine urea is mesled frouw Ligh-presevure pump fluids by &
combination of lsbyrinth secis and a hydrostatic liftoff seal., Propullant-

lubricated roller hearinga wvere gelected for both ypuups.

(U) The turbine drive subsrvaten includes the hot-gas ducts and the two
hot~gnas throtile valves., A {trade atudy resulted in the selection of & (v,
poppeti~type valee for the tapoff throtile valve.

(U) Tue hot-gas ignition subsystem consists of a small combuction cham-
her for L02 and lﬂé s and injector, ipiter propellant valves, & spark
ignition device, and an isolation valve located at the combustor outlet

in the distributiosn manifold which iaterfaces with ihe turbine drive aubu_

sy#len, ' ’

(€) "he engine thrust and mixture rotio controle consist of the twu hot-

goa throttle valves, which ere the only servocontrolled valves in the

synstem., These are hydraulically actusted weing facility-surplied hydrau- o

liz power. All other valves are sequenced by four-way eolencid velveu,

and ure hydruulically sctuated. The servovalves utilize an ouler clomed- ' 1o

luop control system on the desired performance paraweter (chavber preseure
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- for the tapoff throttle valve ond mixture ratio for the oxidizer tur-
) bine throttle valve) and an inner closed-loop control system on valve

position using both integral end proportional contrel. Thie type of

menits of the engine system,

(U) Accessibility for system checkout and compenent repair has been
provided in the design by meking the thrust chamber easily removable
from the thrust structure. This exposes all the major componentis, which
are wounted directly to the six radial beams of the thrust structure.
The base closure alge is removable from the thrust chamber to provide
acceas to the internel csvity from below without removal of the thrust
chamber, .

(U) The Demonstrator Module is designed to interface with test facility
i w =+ «-w...attach points, and gimbal actustera will bLe replaced by nongimbaling

gtiff arms,

(C) The total weight of the Demonstrator Module was calculated Lo be
3950 pounds, which represents a system with basic Flight Medule design
similarily while incorporating test flexibility design features and de-
gign conservatism considered prudent to meet demunatration, cost, and

achedule objectives.

() Performance analysie predicted an actual specific impulse equal to
450.1 seconds at a 1500~psia chumber pressure and u 6:1 mixiure ratio.

Based on analyticnl studies of e nonadisbatic nozzle, this yiclded an
overall engine specific impulse efficiency of 97.01 percent (including
cffects of heat loss, viscous drag, divergence losscs, and kinetics losacs).
The combustion chamber performance for the Demonstrator Module was bascd

upon 39 scgment teste conducted over an operating range in cxcess of
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tne roguired misturs 15130 aud thretils range drorivg Phase 1 of this
progrice, cned op ibe tent data obtained, & oY cificiency of 99.6 pey-

cery was prediclea for the Demoasizatay Muedule st fuall-theust conditions. ‘

(U) 7The Gesigr of the Dewwnriyicer Module imcludes allowances to account

for performance veriationsg tlnt rezull frow hardware tolersnces aud cali-

bration inaccuracles. Individasl 3-0 c¢ouponent variations were establiebad

from previous Rocketliyn= engine fabrication end test experience. These

then were used in the performance prediction model to determine the maxi-

mman design conditionr required on each component to mert the maximum thrust

and mixture raitio excursion reguirements of the engine system., Because

the Demenstrator Module is closed-loop coatrolled on chamber pressure and

mixture ratio, the engine is first calibrated for design thrust to estab-

lish the exact nominal chamber pressure and nominal mixture ratio. Thrust

calibration accuracies and thrust chamber fabrication variations there-

fore determins the wmaxinum chamber pressure the engine might experience.

Other component variaticns, such as turbopuup efficiencies, are comven-

sated for by changing the turbine flowrate and hence the pump power re- ( ;
quired to meet the chamber pressure and mixture ratio input cemmands. ’
These variations have virtually no effect on total thrust and less than

8 l-second effect on specific impulse.

System Analysis

(U) Operation prd Pertormapnce. The werospike engine system forumlated
during this effort utiiizes an advanced nozzle concept in cenjuncticn
with a siwple advanced power cycle. The advanced nozzle has an annular
combustion chamber with the primary hot gas expending over a truncated
apike. A secondary gas flow is injected through the base plane of the

nozzle to enhance the engine performance., The advanced power cycle
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utilizes turbinee driven by hot gases tapped from the main combustion cham- i
ber. The system a&nalysis effort was concentrated primarily upen determining 3
and optimizing the critical parameters associated with this cycle and there-

after determining the performance of the complete syatem,

(Cj Engine Schemptic and Operation. The schematic shown in Fig. 27

represents the Demonstrator cycie configuretion, end the pressures and
flowrates correspond to the nominal design point of 250K thruast, 6:1 mix-
ture ratio, and 1500-psia chamber pressure. Individual oxidizer and fuel
turbopumps are used with separate turbines driven in parallel by hot gases
taupped from the main combusiion chamber during mainstage operation. The
exhaust from the turbines is diécharged through the bhamse closure into the
nozzle bage region, producing an increaee in base pressure that contributee
to total thrust, The complete thrust chamber and injector are cooled en-
tirely by the fuel flowing through a regenerative cooling circuit before
it ias injected into the main combuation chamber. The oxidizer flow is

pumped directly to the injector.

(U) Engine control is achieved in the hot-gas lines feeding the turbines
rather than in the high-preasure liquid lines, Thrust ie varied with a
tapoff throtile valve (located in the Y junction of the two tapeff hot-
gas ducte) which controls the power to both turbines. Engine mixture

ratio is controlled by a throttle valve located at the oxidizer turbine

inlet. Some interaction between these two velver is required to throttle
at constant mixture ratio, or vary the mixture ratio at constant thruet,
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This iuteracuizn ie achieved with a closed-loop control syst:m. The lap:
off throttle valve is closed-loop controelled aronnd chamber prescure, and
the oxidizer turbine valve is clueed-loup controlled around engine mixture
rutie. The latter is menged with turbine-iype flowmeters in the puwp dis-

charge lines,

(%) The thrust and misture ratio control valves are the orvly servocomirolled
vaives in the aystem. They are actnated hy hvdraulic fluid esupplied by

the faciiity et high preasure. All other valves are sequenced by four-—

way nolenoid valves ond hydraalically sctusted. The servovalves utilize

an outer closed-loop conirol syatew ou ihe desiced pecfovmenc:: paremecter

tod an iacer closed~locp conirol asyztew on valve posivion, coupled with

a logic aystem whick provides bsth integral and gropertione contrel .

This type of coniroel ensures dymamic stebility and safety while weeting

the response (<5 aecorde hetween &uy 1wo poiuts) and accuracy (33 percent)

requirerents of the engine sysiem.

(U} Provision for off-design cemponert performunce resulting from manu-
facturing tolerancee is made by inserting an orifice in the fuel turbine
irlet line. The oxidizer turbine throttle vulve is used as the calibrating

device on the vxidizer side,

() Ignitien is accompliehed under tank head pressures witn the use of &

separate hot-gas 1gniter (HG1). %his component produces hot guses which
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{ The tempzr-ture of the HGI is controlled by an antomatic axidizer pregsare
regilator iu the inle!l live meiptaining o ecoabustion tenpevature of aperoxi-

mately 1500 F.  Gnce main vhacher ignition ie wchieved, the BSY is sot down

with itn own liguid-propeilant siutoff valven, and toe combumior is Iselubed
from the tapoff syatea by :losing the HGY juointiow valve, Fugine shutdosu

ie achieved wimply by clesing the oxidizer turbine valve nod negrencing iue

2| et

main propellant walves fe provids a Yuel-rich eeloff,

(C} FEngire Balspre and Perivcean:. Syriem and component perfsrmonce

is shoews in Table 10 £t rated thrust end minimum threet {r eugine xiriwre
ratics of 5, 6 end 7. The variation of engine specific impiise with a]tir
tude for engime mixture ratios of %, G, and 7 is shown in fig. R, ena Yhe

varistion with thrust level is shewn in Fig. 24,

(c} Trimsicut Operation. The valve scquence and engine Lransients
I for a vacuum stari ave shown in Fig. 30. To sinrt the engine, « mainstage
thrusi comwand signal, mainstage mixture rotiv command signai, and a stert
egignal arc required, The time sequencing of the propellent and hot-yas
; contrel valves will then follow az showa in Tig. 30e  The wnin fuel valve

is opened first to eatablish fuel flow ond te exsur: liguid propellent

Y

to the pump inlet and Lo the hui-gas Sgniter line, AL 1,2 gecond (0.5 tg
1.0 svcond of fuel lesd will probebly be reguired), the hol-gss igriter
valves are opencd, acd combustion is estubliched in ibe HGI. The tapeff
control valve and the oxidizer turbine throitle valve are ponitioned full
open ustil thrust chamwler prime, Thue oxi¢izes curbiae throtiic valve 1s :‘f
. I ' et ;
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full open to eliminate excessive valve movement when lhe main oxidizer
valve opens to the first position (20 degrees), and to provide maximum
oxidizer turbine breakaway torque. The tapoff throttle valve is full

open to maximize the hot-ges ignition fiow to the thrist chamber.

(U) While oxidizer turbine breakaway is achieved with dAGI fiow, fuel tur-
bine breakaway is predicted when the main fuel velve opens and is due to
windmilling tlhrough the puwmp. If higher breakaway torguee occur, the fucl

turbopump will break away with the oxidizer turbspump under HGI gas flow,

(C) When the HGI pressure reaches 190 psi (to ensure sufficient hot-gas
flow to the thrust chamber for ignition), the main oxidizer valve is openeu

to a threottle position of 20 degrees.

(C) Main propeilent ignition will be achieved with oxygen in the gaseous
ntate being injected shortly after the main oxidizer valvea leaves the
full-closed position. While the 102 dome is priming with liguid oxygen,
chamber mixture ratio is maintained greater than 1.0 (Fig.30g) and chamber
pressure will be maintained above 100 psi. After approximately 600 milli-
seconds, full LG2 dome prime will be achieved and chamber pressure will

rise to about 500 pei. The hot-gas ignition valves are signalled Lo close
when thrust chamber pressure pasees 250 pasi to prevent excessive power to
the turbines. After this time, turbine flow ies provided by tapoff gases
from the main chamber. Approximstely 100 williscconds after LO2 dome prime
is achieved, the main oxidizer valve ie ramped {o full cpen in approximately
100 milliseconds. At the same time, the thrust and mixture ratio control
systems arc activated, The remainder of the transient to command thrust

end wixtnre ratic is governed by fhe control systems. The entire tlrausient
from atzri signal o 90-percent thrust is accomplished in 3.6 seconds at

vacuum,

(U} The engine traneients shown in Fig.?ﬂ give a graphic representation

of the system dynamics et several of the key points in time during the
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start transient, The data reveal thai the fuel pump has a very smocth
buildup ever the entire transient and is virtually unaffected by distur-
bances in the oxidizer systew such as main oxidizer vulve opening. It
should be pointed out that no thruet chamber bypass during sterti is re-
gquired fur the fuei. Thie is &n adventage which the aerospike engine has
over a conventional regeneretively cooled bell engine becsuse of the sig-

nificant reduction in thrust chamber tube voluwe (short-length nezzle).

(U) The oxidizer pump discharge pressure buildup (rig.30d) reflects the
movement of the oxidizer valve and the oxidizer turbine throttle valve
and also the occurrence of thrust chamber oxidizer manifold priming, The

buildup ie neverthelcss seen to be well ordered and under coatrol.

(U) The HGI temperature (Fig.30h) is maintained at the design level until
after thrust chember ignition by the oxidizer preesure regulator. The

temperature dips during the fuel-rich HGI shutdown.

(C) The thrust chember mixture ratioc (Fig.30g) rises to approximately
1.7:1 under gaseous oxygen flow, during which time main chamber ignition
is achieved. (Hot-gas ignition teste have indicated that mixture ratios
in excess of 1.0 arc required.) After oxidizer manifold prime occurs,
the mixture ratio rises rvapidiy to a value of 5.7:1 (thrust chamber) by

the activaticon of {he mixture ratio control valve.

(C) Start transients to levels other than 100 percent were studied, and
the chamber pressure and pump speed traces for these cases are shown in
Fig.30b ,30e, and302. A small overshoot is seen to occur for a start of
20 poreent. The following three ensinz contrsl variations were studied to
eliminate the thrust chamber pressure overehoot wueu starting the low

thrust levels:

1. Move the loucation of the thrust conirol valve so that it is

between the centrel igniter and the turbines

BONFIDERTIAL




2. Add e flow controller to the central igniter fuel line

3. Add a conirol valve in the fuel turbine inlet line

A -
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ity to control the indivi-

dual pump buildup rates and thereby eliminate the overshoot; however, the

control complexity will be increased.
will need to be made should subsequent vehicle studies indicate

overshoot iz unrdesirable.

(C) The transicnts for a sea level start are shown in Fig.31 .
differvnce between this start and a vacuum start is the time to
HGI pressure of 190 psia (time at which the main oxidizer valve

open). For sea level, thie occurs at 4.4 seconds as opposed to

Deeper studies of these alternatives

that the

The only
reach an
is signaled

2.6 seconde

at vacuum, Afler this time, the transients are virtually identical, and

the wodel predicted & sea level stnrt time of 5.6 secouds to reach Y0-percent

thrust.,
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Figure 33, Engine Sea lLevel Start Transients
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(C) In all the stari trunsients, a fully preconditioned pump wes assumed
with lignid propellants up tc the main valves. However, the effects of
different, thrusi chamber preconditions were studied. 7Tie initial thrust
chamber temperaiure used for the transients shown in Fig. 30 and 31 vas
165 F, This was ccnsidered the maximum temperature anticipated at sea
level or at vacuuw, and hence represented the fuel eyastem stability worst
condition, Other starts were calculated with a thrust chamber precondition
temperature of ~65 F. Only minor differences in fuel flow resulted, and
other transients were almoat completely unaffected. Thie indicates that no
hardware syrtem dynamics problem can be expzcted as a result of an uncon-

diti~ned thrust chamber.

(U) A simple cutoff of the Demonstrator Module is achicved with a single

“signul to the engine sequencer which signals the two main prcpellant valves

and the oxidizer turbine throttle valve., The cutoff transients and valve

timing sequence are shown in Fig. 32 on an expanded time ecale.

(C) At cutoff signal, the oxidizer turbine throttle valve and main oxidizer
propellant valve are signaled to close; the tupaff throttle valve and main
fuel valve remein open, When the oxidizer injection preesure reaches 300
ngia, an oxidizer system purge commences and continues until the oxidizer
volume is completely purged. This sequence maintanins power to the fuel

pump during thc purge period to ensure a fuel-rich cutoff,

(C) Thrust chamber pressure drops to approximately 00 psi in 150 milli-
teconds az a result of the loss of oxidizer pump power and flow, When the

- 2 k] : 3 - - .
ull ClOSGd, @ PUTKT 18 C&uprad al ithe g imniet

2 Varn
ard discherge, but becauee oxidizer pump discharge is already down, the
surge at the pump discharge is not imporiant. A surge of 20 psi above oxi~
dizer tank pressure produced at the pump inlet would occur using an inlct
duct 7 inches in diamcter and 41 inches long. The magnitude of the surge
in approximstely proportioenal to duct length divided by the area; therefere,

a longer duct or a smaller areu duct would produce a properticnately larger
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Figure 32 . JFngine Cutoff Tronsients

surge. After a 2.%-seccond delay, the main fuel velve is closed and the

shutduwn is completed. Four the Demonstrater Module, no optimizaetion of Lhe

purge timing was conducted; therefore, the teiloff transient data ore merely

s P TN FE I PO R W PO S | L 41 YT g
& prejecliar 1 Wiil (1B0 Lo FEQUIicd LI Lie uuil Lo

. A sys
prevent ice formation in the igniter injector and velves, This purge will
Le continuous during engine operation es a sefety meosure against possible

leakuge of the isolation valve,

(U) The Demonstrator Module is so designed that no ndditional reqoirements

arc imposed for a restort; the sequence is identical to that described above.
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(") Pressure Budgets. In order to estublish the nominal design paint

parameters, the syetem pressure losses were carefully studied. Liguid-line
losses directly affect puwp discharge pressure and hoi--gas-line losses aifecti
the turbine inlet pi essure. The forwmer is o measure of the pmmp power re-

s and the latler affects the turbine specific horsepower through
preasure ratio. Therefore, beth areae directly affect the magnitude of the
turbine flowrate, and since this is used as the secondary flowrate in the
aerospike nozzle, cugine specific iwmpulse is influeuced. Close coordina-
tion with the design effort was necessary to perform weight and performance
tradecoffe in order to optimize the totai system. The hot-gas pressura
schedule for a mixlure ratic of 6:1 and nominal manufacturing tolerances

is shown in Table 11. Additional schednles for the +3¢ manufacturing
tolerances are also shown for mixture ratios of 5:1 and 7:1. These lat-

ter avc used to define the calibration orifice requirements and to define
the operating range of the tapoff {hrottle valve (Table 12, Fig. 335) and

ihe oxidizer ‘nrbine throttle valve (Table 13, Fig. 34). liquid-propellant
feed pressure schedules are shown‘in Tables 14 and 15 for the nominal design
puint (Pc = 1500 psia, MR = 6:1).

(U) Design Tolerances. The design of rocket engine components must

include allowances to account for the performance variation due teo bardware
variation and calibratior inaccuracies as well as any expecled variations
in tcst or flight conditions. This approach assigns realistic design mar-
gins to all components. bul it does not impose mdded weight penalties by
unnecessnry “"design pads.” Tolerances are assigned to all variatles such
as line and injeclor rcsistances, pump and turbine efficiencies, and vali-
bration accuracy. Then the change in engine operating conditions is found
for each independent variable through the use of a digital computer program
which rebalances the engine to find the new operating point. The totel

expecled component variation is then found by statistically summing the

@@Wﬁﬂ@[ﬁ[ﬁ]ﬂ’ﬂ&ﬂ:

(Thzs page is Unclassified)
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g‘ HOT-GAS SYSTEM PRESSURE, SUCHFDULE,

i "

§ AY, upstrean’ w,

i Parameier nsi psia ib/sec

[

% (bﬂ%.: 6:1; Nominol Manufacturing Tolevances)
s %

E. Tapoff ;

- Injector Ind Preszure — 1530 12.20
E Thrust Chamber and Munifoid { 1530 12.920
% Tapoff Duc 15 1hh3 12,20
§ Control Valve 273 1433 12 o7
. Fuel Turbine Drive

Distribution Plenun 21 1100 B.3L

3 Calitration Orifice 139 1139 8.380

Turbine Inlet Pressure - 1000 8.80

Oxidizer Turbine Drive

1 Distributien Plenum 17 1160 3.34

Control Valve 389 1143 3.34

Turbine Inlet Duct 4 75" 3,34

e Turbine Inlet Pressure - 750 3.3
(MRF = 5:1; +30 Manufacturing Tolerances)

Tapoff
Injector End Pressure -~ 1530 14.91
Thrast Chamber and Mauifold 129 1530 14.91
Tapeff Duct 15 1401 14,91
Coutro! Valve 75 1386 1%.91

Fuel Tarbine Drive
Distribution Plenum 29 1311 11.45
Calibration Orifice 0 lag2 11.45
Turbine JTnlet Pressure - 1282 11.45

Oxidizer Turbiane Drive
Distribution Plenum i6 1311 3.46
Control Valve 510 1295 3.4%0
Turbiue inlet Duct 3 785 3.46
Turbine Inlet Pressure — 7892 3.40

(Pﬂ%,: 7:1; 30 Manufacturing Tolerances)

Tapoff I
Injector End Pressure - 1530 12 46
Thrust Chamber and Manifold 92 1570 Y0 Wb

' Tapoft Duct 11 1433 12,46
Coutrol Valve L20 1427 12.46

Fuel Turbine Drive
Distribution Plenum 25 1007 8.74
Calibration Orifice 0 082 8.7%:
Turbine Inlet Pressure - 082 8.74

Uxidizer Turbine Drive
Distribution Plenum 23 1007 3.90
Control Valve 104 984 3.90
Turbine Inlet Duct 5 880 3.90
Turbine Iulet Pressure - 875 3.90
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(e TABLE 12
TAPOLF THEOTILE VAINE RUQUUREMINTS

- . e e e e
Chamber

Preaswee, Mixture W, AP, P,

jaia Ratio ib/sec | psi | psia

5 (30) 14.9] 75 | 1491

(~100% ¥) 5 13.53 61 113

o 12.20 | 273 | 1435

7 147 [ 4L3 | 14h7

1900 5 9.17 | 209 | 114"

[ ﬂ5% ¥) 6 8.35 | 3061 | 1157

- 7 7.84 | 451 | 1103

900 9 5.68 | 294 868

(- Gof 1) ¢ 5.15 | 332 | /0

# 7 b3 | 435 1 879

- 5 2,06 L 585

0 g ¢ : 58

~,;UL}) 6 2.71 | 325 | 589

(~n0% T 2.55 | 392 | AY0

305 5 1.32 | 180 319

(-°0§JF) 6 1.20 |20z | 330

«or 7 1.19 | 208 320

Upesr F'low - 135.953 15 1413

Life: 10 hours TBO, 10,000 cyecies

Maximum hot-gas tewperature: 2112 R
'

[ —

00
o |

400 -

300 - /;//,%

VALVE 4P, PS;
~
Q
[&]
T

106 [~
GERFIERIAL —-

| n \ ) ; . OOFEN FLOW

6 8 10 12 1 16
TAPOFF FLOWRATE, LB/SEC

Figurve 33, Tepoff Throttle Valve & P vs Flewrale
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TARLE 13
VALl TUILINE THROTLL:. VALVL REQUINEMLNTS

Hilads

Chauwber . I
Preesure, Mistere v, A, I,
poia Raiio 1b/sece psi psia
5 (=) 5.1 | 621 | 1339
. 0 3.34 389 1143
500 |
(~%8n¢ F) 7 3.54 217 | 1016
Yoo 7 3.90 104 984
5 2.11 Lh9 926
1200 6 2.25 | 27 | 784
(~80% ¥) 7 2,38 | 161 | 699
5 1.51 271 568
900 0 1.37 177 487
(~60% ) 7 1.0h 110 L3
5 0.70 157 295
b0 6 0.72 g 257
(~40% T) 7 0.76 | 66 | 23
5 0.31 61 131
25 6 0.32 4 116
(~20% F) 7 0.35 30 | 110
Open Flew - 3.54 15 1016
Life: 10 hours TBO, 10,000 cycles !
1
Maximum hot-gas temperature: 2112 R

800
—~ 600 -
b4 ,/rr””” AN
=)
o / 2\ %
Q ban ke c,'.\ (g‘ [ZA N
L e e o
> “\e
= x
£ \ &
\ a
200 -
\\3
)
<OPEN FLOW
o RGN GBRNFTRAS {
0 1 2

Figure 34, Oxidizer Turbine Throttle Valve A P vs Flowrate
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{t) TABIL 14

LIQUID-OXIDIZER THOPLLIANT FEID PRLSSURL SCHIDULE
{Nominal MR = 0:1; "‘m = 470,1 1b/sec)

] Upstream Fressure
Paraweter unin . apr, psia
) 2000 T
]1) 2 -
Punp Discharvge Duct 20400 25
Flowmeter 2055 25
MLV 2010 17
Branch lincs 1993 25
TC Manifold 1908 Bl
Injecter 1924 394
TC Injector End Pressure 1530 -
(c) TABLE 15
LIQUID-FUEL PROPELIANT FEED PRESSURE SCHEDULE
(Neminal MR = 6:1; ‘}F = 79.3 1b/sec) ?
— 3
Upstresm Pressure, :
Parameter psia AP, psia :
P, 2760 - }
i
Discharge Duct 2766 34 !
Flowmeter 2732 16 i
FEV ) 2710 i
TC Inlet Manifold 2701 46
T¢ Tube Bundle 2655 73
Injector 1830 300
TC Injector Eud Freasnre 1530 -

CONFIDENTIAL




GUKFIDENTIAL

D

L

t
:

eflvcts of the todependent varvinbles,  The essumption is wnde that ali of
the tnlerances exhibii a norma! Gaussian distribution and that oll of the

iudependent variables do not depend upon any ether variable for their velue.

(1) Since the Demonsirator Module will have an active control system for
thrust and mixture ratie, the component vperating raage will not be as

large as for an cngine vwhich does not have an active conlrol sysiem,

(u) Table 16 lists the hardware variatisny and expected variations in test

condilions whiceh were used to determine the couponent vperating ranges,

(U) The maximum expected operating condition was found by rebalancing the

engine at the extremcs of the miature ratio range (5.0 and 7.0) and select- i
ing the maximum condition for cach parawster. Then the 30 variations are
added to find (be maximum expected operating condition fur cacih component. :

e results are shown in Table 17. These results do not represent an engine

operating point because a2ll of the componenl maxiwum operation conditions

cannot occur simultancously. As nan example, the 10, turbine flowrate ie a

raximum at an engine mixture ratio of 7.0 and the fuel turbine flowrate is

& maxitam at an engine mixture ratio of 5.0, and thus these two maximums

cannol occuv together st a single operating point,

(C} The etfect of manufacturing tolerances on the power cycle must also

be considered in the design of ilic hol-gas system, Turbemachinery ine{fi-

ciencics were found to demand higher turbine flowrates which can be met

only with higher turbine inlet pressures, Therefore, the system wust bhe

designed to provide this additional capability  “iuee *Fo» turbine drive

ga .. uwre tapped from the main chamber at a fixed cham! er pressure (1530

peie Moaiwamy, the furbine inlef pressure can be raised anly by the removal

of sowme resistance between the turbine and the main chawber. A possible

method of providing this capability is to design the contrel valves with

sn additicnol nominal AP sud use these vulves as the calibrating device. .

However, bucause of the series arvaugement of the tapoff and oxidizer

G
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) TABLE 10

INDEPENDENT VARIABLE 130 VARJAT IONS

136 Variation,

percent.
linrdware Variatioas
Main Fwel Line Resistance 16.5
Valve Resistance 19.5
Thruai Chamber Resistance 19.5
Injector Resistauce 19.5
Main 10, Linc Resislance 19.5
Valve Hesistance 19.5
Manifold Resistance 19.5
Injector Resistance 19.5
Tapoff Duct Resistanze 15.0
Contrel Valve Resislance 15.0
10,, Turbine Control Valve Resistance 15.0
Inbaust Resistance 15.0
Efiiciency 4.5
Nozzle Area 4.5
Fuel Turbine Exrbaust Resistance 15.0
Efficiency 4.5
Nozzle Area 4.5
10, Pump LEfficiency 3.51
“  Head 3.0
Fuel Pump Efficiency 3.66
Head 7.20
Thrust Chamber c* 1.17
Cy 1.17
Throat Area 6.0
Base Closure Flow Area 4.50
Expected In Test Variations
Fuel Pump Inlet Pressure 15.0
Temperature 0.9
140, Pusp Inlet Pressure 9.0
“  Temperaiure 0.9
Thrust Chamber Fcegsure 3.0
Engine Mixture latio 3.0
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PREPTOTLD MAXTMUNM PAMUMETEE VANTATTONS

v T T B T
g Max { mam v
" Tarameter 0ff Ueaign | Va-ietion | Maximum
? Fugine Thrust, pounds x 10‘ 254 .% 7.5 202.0
; Fugine Mixture Ratio 7.000 0.21 7.21
4 Thruat Chumber Injecior Fod Pressure
3 (total).psia 173 105 1635
§ Thrust Chanber Puel Flow, 1b/sec 89,8 4.02 93.8.2
E Thrust Chember LO, Flow, "h/sec L9y b 24.0 525.6
E Tapoff Pressure (totel) suie 1515 105 1620
E Tapoff Fuel Flow, Jb/aec 7.02 1.71 9,314
Tapoff 10, Flow, 1b/see 5.80 1.3) 7.7
' Tapoff Cas Tewperature, U 1960 152 2112
k Fuel Turbine Qut Temj-erature, R 1619 127 1746
] Pucl Turbine In T'ressure (total), psia 1164 1y 1283
Fuci Turbine Speed, vpw 36,4500 1560 33,360
FueX Turbiae Out Presaure, pai- 76.90 8.23 B85.13
Pucl furbine Torgque, ft-1b 2639 227 3062
Puel Turbine Flow, 1b/sec 10.30 1.11 11.45
LO,_: Turbine OQut Tewperature, R 1726 133 1854
LC, Turbine In Pressuve (total), psia | 795 B7.8 8B4.8
10,, Turbine OQut Preesurc, pais LTI 4.32 43,42
LQ-, Turbine Speed, rpm 24,600 1060 26,660
L(): Turbine Torque, fi-1b 1122 95 1217
LO,'-, Turbine Flow, 1b/sce 3.5h 0.41 3.95
Fuel Pump Oul Pressure (total), psia 2942 210 3152
Valve In Pressure (lotal), psia w77 204 3087
Thrust Chambev In Pressure (total), ’
psia 2658 204 3067
Injector In Pressure (total), psie 1900 133 2033
1€ Pump Out Pressure (total), paia 2118 166 2284
Valve Tn Presanve (voisl}, nain o056 1613 os1g
Manifold In Fressure (total), paia 2004 160 2164
Injector In Pressure (total), psia 197 156 2126
Fuel Pump Head, feet 90,800 6170 96,970
Volume Flow, gpm 95060 483 10,043
Hlorsepowes 19,860 2000 ‘21,860
LO,, Pump Heed, feet 4263 347 4610
\;olnuw Flow, gpo 3295 160 3455
Horsepower 5n86 oh3 6129
Basc Thrust, pounds 9200 556 9756
Basc Flow, lu/sec 13.53 1.42 14.95 :
96
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turbine throitle valves, such & scheme would not allow each turbine to he
calibrated indepcndently, and the oxidizer turbine nominal design point
would be adversely affected., Therefore, a modified scheme waes adopted
wherein a calibralion orifice was placed in the fuel turbine inlet line,
while the oxidizer turbine throttle valve was retained as the calibrating
device for the oxidizer turbine. The design requirements for these com-
ponents were then determined frow engine balances at the operating envelope

extremes, as discussed in the preceding section,

(u) Performance Analysis, The system performance analysio has been

divided into five areas: (1) comtustion chamter, (2) nozzle, (73) base
region, (%) tapoff gas properties, and (5) the performance model. These

are discuegsed below,

(C) The combustion chamber efficiency, Nex, for the Demonstrator Medule
was based on the 2.5K injector test resulis which are discussed in detail
in the Task 1I section (pageh28). These test reaults indicate a combustion
efficiency of greater than $9 percent at 1500-psia chamber pressures and
nominai wixture ratio with a drop in efficiency at lower pressures and
higher wixture ratico. The predicted combustor chamher efficiency is
sheon in Fig. 35, as a function of chamber pressure and engine mixture
ratio. The effect of extracting Fuel-rich tapoff pgases cansce the thrust
chamber mixture ratio to shift as shown in Fig., 36 , These efficiencies
arc based on theoretical ¢¥ values which are computed from the propellant
vnthalpy levels existing at the injector inlet, which are equal to the
propellant enthalpies at tank conditions raised by the enthalpy imcrease
from the pump work aud heat input to the coelant through the boundary
leyer,
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Figure 35. Variation of ﬂc* With Mixture Ratio
8.0
02/H

7.0

THRUST CHAMBER M!XTURE RATIO

- CONFIEETIAL

5.0 5.5 6.0 6.5 7.0
ENGINE M!XTURE RATIQ

5.0

Figure 36, Variation of Thrust Chamber Mixture Ratio With Engine Mixture Ratio

GONFIDENTIAL

PR Ay



GONFIDENTIAL

{€) The inrvusl chamber contour wus oplimized based on iterative acrody-
namic, viscous drag., chemical kinelics, and heat transafer studies. The
fervdynamic snnlysis waw Lased on chemical equililriam properties. The
opilimization inciuded both the innexr spike contour and the outer shroud
contour. IKarly designs incorporated a relatively short outer shroud and
e corresponding cffective nozzle diameter (measurcd from the shreud tip)
of 90.5 inches. However, at low-pressure ratios, theoretical flow field
calculations have subscquently indicated that the short shroud would pro-
duce a recompression shock of sufficient strength lo excecd the coeling
capacity of the inner wall tubes during throttled sea level runs. A cold-
flow test series wns conducted to mcasure the recompressicn wall pressore
prufiles for the full-length shroud and a truncated ghroud, and to verify
the calculated results. Results are discussed in the Thrust Chamber

Asscembly section (pagol?? ).

(C) The long shroud configuration decreases the eifeclive nozzle exit
diameter from 90.5 to 8Y.5 inches, which results in a decrease in vacuum

1S of 0.4 second, However, sea level performence increasvs by G.3 second.

This configuration was therefore selected to prcvide ithe capability of
cnzine ecoling at lew-pressure-ratio operation since the resultant effect

on perforwmance was small.

(U} A chemical kinetic analysis of the nozzle was performed to determine
the performance loss resulting from the nonequilibrium flow. This laoss

is shown in Fig. 37 as a function of chamber pressure and mixture ratio,

(U) The boundary layer on viscous drag analysis was computed from o
numerical solution of the boundary layer equatione accouniing for the

wall temperature, pressure gradient, turbulent velocity profiie, and heat

GONFIDENTIAL
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flux in the boundary layer. The results are shown in Fig. 38 as a de-

gradation of thrust coefficient as n function of chamber pressure.
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Figare 38. Demonsitrator Engin: Yurostling Performance

(U) The geometricz efficiency of the nozzle is = function of the nowzle
contour and the gas properties. The gas propertiun u:c o fouction of
the propellant wmixture ratio, awi thus, the nozzle geromeiric etficiency

varies with mixture ratio as shown in Fig. 39,

() The base region of an aerospike nozzle allows highly efficient use
of the turbine exhaust since these guses can be used to increase the base

pressure, Experimental investigations and theoretical analysis hove deter-

mined that the base pressure for a fixed nozzle geometry design is a function ;
of chamber preaaure, secondary flowrate, the properties of the secondary ?

gases, and ambient pressure, The bese pressure increases with increasing !
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secondary gas flowrate and ambient pressure. "Yhe relationship with secon-
dary flow is shown in Fig. 40. Howevc:r, there is a secondary flowrale which
produces wmaximum overall engine per ancc. The variation of engine per-
formance with secondary flow for ilhe Demonstrator Module nominal design
point is shown in Fig. 41, (it should be noted that Fig.ho‘andkl assume

a constant thrust chamber mixture ratio.)

() Tapoff gas properiies such as heat capacity (Cp), molecular weight
(M), ratio of heat capacities (), and characteristic velocity (c*) can
be determined by analytical methods if the tapoff gas temperature and pro-
pellant injector inlet conditions are known. The Rocketdyne free-energy
propellant program can then be used to calculate the resultant combustion
products and their properties. The tapoff gas mixture ratioc requived to
give a temperature of 1900 R decreases as the hydrogen inlet temperature
increases as shown in Fig, 42. The higher hydrogen content of the low-
mixture-ratio gases results in higher energy (i.e., Btu/lb of gas) for the

same temperature because of the higher heat capacity of the mixture,

(C) The feasibility of obtaining the desired tapoff temperature lias been
demonstrated by the 2.5K segment test program. The results are summarized

in Fig. 43

(C) The known tapoff gas temperature (1500 F) and the known hydrogen in-~
let temperature (630 R) resuli in a tapoff gas wixture vatio of 0.76% as

shown in Fig. 42 . The physical properties of the tapoff gases are then

fixed by the temperature, pressure, and composition, These properties

are listed below:

Mixture Ratio, o/f 0.764
Molecular Weight 3.550
Heat Capacity, Btu/1b-R 2.13
Ratio of Specific Heats 1.3557

Characteristic Velocity (c*), ft/eec 7730
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(U) The procednre for calculation of delivered perforvuance is similar to
the performance model under conaideration by the ICRPG Performance Standard-
ization Group. The wmajer calculations and scquence in the Rocketdyne tech-
nique is illusirated in Fig., 44, Included in this procedure arc the effects
of advanced pump-fed systems and nozzles, which extend it beyond the current
ICRPG investigation. Rocketdyne's developed and verified techmology pro-

vides the basc for analyses of these special uspects,

(U) Rigorous performance calculation requires a series of iterations to
converge on the final performance prediction, primarily as a result of
first-order interactions between processes vhich occur simultaneously in
the engine. As an example, the flow field and boundary layer analyses
must be completed before propellant injection temperature is knovm, bue
they, in turn, are dependent on injection temperature. First estimates
wust therefore be made and an iterative analysis conducted by adjusting

tlie estimates until a converging answer is obtained.
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{U) All primery inicraciions between loss mechanisms and most secondary
interactions are acceunted for in the procedure shown in Fig, 44. All of
the primary and sccondary cffects considered by the ICRPG are included
with the exception of the effects of finite reaction ratce on the boundary
layer and combustion efficiency losses., In the current state of the art,
no method is available for computing the effects of kinetics on the boundary
layer loss. As for combustien efficiency losses, it is nol neccssary to
account for them analytically because the combuation efficiency is deler-
mined directly from hot-fire test data, The Rocketdyne procedure therefore
includes virtually every computable effest that is belicved by the ICRPG

to influence the performance by 0.2 percent or more. In addition, the
effects of one-dimensional heat loss and secondary flow, not considered

by the ICRPG, are included.

(c) Sengitivity. Figures 45 through 47 illustrate the sensitivity
of specific impulse to several engine design and operating parameters for
the engine operating at 250K and a mixture ratio of G, Figures 45 and 56
present the sensilivity ot the engine to turbine inlet temperature and
turbomachinery efficiencies as a function of chamber pressure. These indi- ]
cate that Lhe engine is more senritive at a higher pressure., This is '
explained by the fact that the engine performance is a function of the hoi-

gas flowrate extracted from the chamber to drive the turbines, and this

" flowrate is proportional to the pump power requirements and, thus, the {

chamber pressure, Therefore, a given percent change in efficiencies or
turbine inlet temperature causes a jarger absolute change in turbine flow-

rate at high pressure, and hence has @ larger effect on delivered specific

impulse. Figure 45 shows the effect of turbine inlet temperature and Fig.
46 the effect of turbumachinery efficiencies. The latter is plotted as
gain factors which are applied to all four nominal turbopump efficiencies,
Thus, the 90-percent gain line reflects a 20-percent increase in turbine
flowrate., Figure 47 shows also the individual effects of the pumps and

turbines at a chamber pressure of 1500 psia. The data reveal that the
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aerospike enginc performance is relstively inseneitive even to large changes
in the turbomachinery performince. The effect of pump discharge pressure

alsn is included in this figure. Changes in the fuel pump discharge pres-

gure reflect changes in the cooling jacket pressure drop, end these, too,

are seen to have a very small effect on specific impulse.

(U) Start Model. The start transientse shown in Fig. 30 were deter-
mined from a wathematical model formulated to simulate the low-frequency
dynamic behavior of the Demoustrator Module system. This model is an
analytical formulaetion and numerical solution of a sel of egquations that
gimulate the engine system. The formulations include the nonlinear partial
differential equations that describe, over the entire region encountered
during start, the liquid, gas, and supercritical propellant in the feed
systems. The fced system descriptions also include pumps, ducting, and
distributed peraeter cooling tubes with two-dimensional heat transfer,
The engine system description also incorporates the nonlinear differentvial
&nd algebraic equstions required to describe the low-frequency cowbustion
process, hot-gas {low, and turhine power generation. The analytical furm-
vlations have control logic and nonlinearities that are representative of
the engine sequencing and conirol valves. The entire system of equations
is solved simultaneously with ihe aid of computer technology developed as

a8 result of the sturt model experience at Rocketdyne.

(C) The HGI flow transient shown in Fig. 48 indicates a smooth cperating
range frum ignition (1.0 second) to cutoff (3.5 seconds) During this
period, the temnerature is hi:ld censtant by the antomati oxidizer pressure
regulator which maintains a constant HGI mixture ratio. The start model
assumed & =impls controel device which makes ithe oxidizer regulator out
pressure cquxl to 8 refereace hydrogen pressure just upsiream of the HGI
injector. FEy proper design of the HGI injeclor resisiances, this will
ensurc & constant mixtuvre ratio of 1.12 which yields a temperature of

1500 F. The refervnce hydrogen pressure was taken at a point between ths
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Hil and the pump discharge with un arbitrary rcsistance equal to that of
he HGI injeclor insvried upsiream of the refierence point. This partic-
ular division of the fuel-side resistance was found by trial and errbr to
permit temperalure control during the entire HGI operation while providing
a rapid, smocth start. In order to sccomplish this, it may be necessary
to orifice the fuel-side feed system since the injector resistance does
not necessarily represent one-half of the total resistance. A check on
the resulting sva.lablie injection presaure drops determined that both ithe

fuel and oxidizer AP's were adequate for satisfaciory HGI operatioun.

(U) Figure 49 shows the resultani oxidizer pressure regulator reguivemcnts,
The shaded region between the oxidizer pump discharge preszure and the
regulator reference pressure defines the regulator AP transient (Fig.49a).
This ie plotted directly in Fig.h9b together with a relative resistance
curve determincd by dividing hy the flowvate squared. Decause the flowrate
is 80 small at the start, the maximum regulator resistance occurs at this
time, Specific transient data listing pressures, flowrates, and AP's are

presented in Table 18.

(C) The Demonstrator Module siart model defined regulator requirements
with a 6:1 resistance range. This is not anticipated to present any deaign
problems. A regulator based on the same back-to-back pressure reference
principle is currently being studied for a possible application on the J-2
engine., This regulator has a resistance range of roughly 1000:1 and a
response of 85 cps. While the mccuracy requirements for the J-2 applica-
tion aré not very stringent (temperature control within 500 F), the design
appears to offer reasonable control that might well be capable of meeting

possible Demonstrator reguirements of approximatily *5C F.

(C) The transition from HGI operation to tapoff cperation occurs as the
HGI is shut down. At this time, the HGI pressure decays while the main
chamber pressure is rising, thereby creating a pesitive driving pressure

for the tapoff gases, end a smooth reversal in the flow directicn. There
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(c) TABLE 18

HGI OXIDIZER PRESSURE REGUIATCR DATA

sii’ﬂﬁé.. e | 1 Puar | "Fuar |"ner | ReBpes APheg Roviatance
1.05 | 31.9| 37.5| 27.4 0.418 |0.466 | 29.6 7.9 36.4
1.20 | 33.2 | 38.9] 28.4 |0.431 |0.482 | 30.8 8.1 4.9
1.40 | 36.2 | 43.3| 30.6 | 0.467 |0.520 | 33.4 9.9 36.6
1.60 | x1.8 | 51.5| 34.6 |0.508 |o.588 | 38.2 | 13.3 38.5
2.00 | 67.7 | 86.0] 51.7]0.738 [0.880 | 59.7 | 26.3 34.0
2.450 1135.6 |172.9| 89.1]1.36 |1.52 [112.9 | 60.0 26.0 |
2.60 |204.1 |256.8 |119.2]1.82 |2.05 |161.6 | 95.2 23.1
2,80 [305.9 | 384.0|157.7 12.41 [2.69 [231.8 152.2 21.0
3.00 |447.0 {528.0 | 202.8 [3.09 [3.45 |324.9 |[=205.1 17.1
3.20 1613.3 |579.5|248.9|3.78 [4a.22 |431.1 | 1u8.n 9.3
3.40 [768.1 |707.8 | 286.6 |4.34 [4.86 |527.n | 180.4 7.7
3.50 |830.3 |767.8 |300.8 |4.55 [5.10 |565.6 |202.2 7.8
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is a small finite time (o few milliseconds) when both HGI and tapoff gamecs L }
are flowing to the turbines. During this period, the turbine 1nlet tem-

perature taokes a charp drop. This results from the fuel-rich shutdown

sequence of the HGI. A 50-millisecond hot-gas igniter oxidizér valve

closing time and a 100-millisecond hot-gas igniter fuel valve closing

time were assumed in the start model, Therefore, there ia a period of

50 milliseconds when virtually pure fuel is being mixed with the 1500 F

tapoff gases., This causes the turbine inlet temperature to drop momen-

tarily to roughly 1000 F. Since main chamber ignition has already been
accomplished, the only effect the temperature drop might have is on the
turbopum): speed buildup. However, the short duration of the transition
and the inertia of the turbopumps minimize the effcct on the start tran-
sient, and other system effects are considered more significant during

this period.

(U) No effects of the imolation valve resistance were censidered in the

start model, This is eguivalent to assuming a small time lag in the -
{

closing time of this valve after the hot-gas igniter fuel valve is closed, ‘-,)

which is a valid and realistic assumption.

(U) The start model transients were calculated using tapoff gases having
gas generator properties. Therefere, the temperature drop wvas & simple

calculation reflecting the effects of a change in mixture ratio. However,

if a new start transient were calculated based on rrehcated hydrogen tapoff
gus propertiee, the temperature drop would be somewhat less. Because of
the higher specific heat of the tapoff gases, cooling with pure hydrogen

has a smaller temperature effect.

(U) No provision was made in the etart model for a HGI purge. This could
extend the time during which the turbine inlet temperature is depressed
if the isolaticn valve is left open and the purge gases are exhausted

through the turbine drive system.

O
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Alternatives Studied.

(U) Cycle Trade Study. Early in the contract period,a trade study

was conducted to re-evaluate the selection between the two low turbine

flow cycles (gas generator vs tapoff).

(U) Schematics for these two cycles are shown in Fig. 50. The tapoff
cycle utilizes hot gases from the main chamber during mainstage to drive
the turbines, which are shown in a parallel arrangement. (A trade gtudy
comparing the sevies and parallel arrangements is presented on page 118),
Engine thrust is controlled with the tapoff throttle valve located in the
main tapoff duct, while enrgine mixture ratio control is accoiplished with
the oxidizer turbine throttle valve. Main chember ignition is achieved
with hot gases generated during the start transient in the hot-gas igniter.
(See pagei55 for the ignition system study.) Some of these gases are
utilized to drive the turbine until wmain chamber tapoff operation can be

commenced.
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[T l I
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Figure 50. Aerospike Cycle Comparison
(C) The gas generator cycle (Fig.50a ) utilizes hot cases from the gas
generator to drive the turbines throughout the engine operation. Thus,
contrel is accomplished with a valve in the gas generator liquid fuel line,
while engine mixture ratio is varied with an oxidizer turbine hot-gas
throttle valve. The gas generator mixture ratio is contrelled Ly a valve

in the gas generator liquid oxidizer line. A hot-gas ignition system,
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basically the same as for the tapoff cycle, is also incorporated. The 5:1
throttling vequirement on the engine requires thai the tlurbine drive gases
be throttled greater than 10:1. This design gonl requires either addi-
tional gas generator development or employment of an alternate turbine
bypass at the throttled condition. HRecause 10:1 throttling of a gas gen-
erator would uot be demonstrated during Phese I, the bypass was used in

the tradeoff study.

(U) Four major factors were considered: (1) performance, (2) weight, (3)
complexity, and (4) development problem areas. The two cycles were com-
pared at a common chamber pressure; both utilized a similar hot--gas igni-
tion system. Becauese the exact properties of tapoff gases had not yet

been demonstrated, the twe cycles were compared using similar turbine drive
gases with properties equal te thosc of the gas generator. This assumption

tends to lower the specific impulse of the tapoff cycle, but does not alter

the conclusion of the study. Except for the turbine drive component arrange-

ment and control, the two systems are identical, and therefore, only the

effects of this portion of the system had to be studied.

(C) The specific impulse of the twv systems will differ only if the secon--
dary flowrates are different. These are a direct result of turbine perform-
ance and pump horsepower requirements, The fuel pump discharge pressure

for a gas gensrator system will be slightly higher timn for a tupeif systiem
because of an increcased coolant pressure drop, thereby raising the pump
power requirement., A higher pressure drop is reguired bhecause the fuel

used in the gae generator is not available for thrust chamber cooling,
However, this effect was found to be insignificant because the increase

in fuel pump discharge pressure was calculated to be only 60 psia, which

reduces specific impulse only 0.1 second compared to the tapoff system,

(C) The fuel turbine inlet pressure for the tapoff system is determined
by the main chawber pressure, the hot-gaes pressure drop, and manufacturing

tolerances. For the gas generator system, the fuel turbine inlet pressure
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Lt e 18 ————E

is limiled Ly ihe oxygen pump discharge pressure, pregsure drops iu the

gas generator feedlines and injector, the hot-ges pressure drop, and
manufscturing tolerances. To ensure stable gas generetor operation at

the throttled level using a fixed-area injector desigu, a large gas gen-
erator injecter pressure drop is necessory at the full-thrust point, Thie
requirement, together with an added lignid control valve pressure loss,

is sufficient to bring the fuel turbine inlet pressure for the gas generator
cycle down to the approximate level of that for the tapoff systew, and
thus, no significant increase in turbine pressure rv.tio can bc achieved,
The study therefore indicated that the full-ihrust apecific impulses of

the two systems were nearly identical. However, ai the threltled condi-
tion, the tapoff system specific impulse is aignificantly higher than the
gas generator system. This results fream the thretiling requirementis on

the gas generator. Ten-to-one throttling of the turbine flow is necessary
to meet the powver requirements of the engine at 20-percent thrust; however,
only 5:1 throttling of a gas generalor wus considered feasible for the
Demonstrator Module at this time. The excess gas generator flowrate wes
then bypassed into the base region, with a corresponding specific impulse

reduction of 3 to 4 sa2conds.

(U) The weight study of the two systcws found the two to be quite com-
parable. Most of the components arc prectically identical, and the dif-
ference in weight lies solely in the ignition and turbine drive subsystems,

The elimination of the turbine bypaus duct

- | Par
nd contral 1%

~
LIS 3

R AP 4 .
Yo O viwe vap-

off system amounted to & small weight saving over the gas generator,

(C) The complexity of the two systews was measured iu terms of the control i
requirements. Here, the tapoff cycle offexrs a simple system with only two
servocontrolled valves, the tapoff hct-gas throttle velve and the oxidizer
turbine hot-gas throttle valve, whercas the gas generalor cycle reguires

four servocontrolled valves, two in the gas generator liquid lines and two
in the turbine hot-gas system. Ancother small disadvantage tu the gas i

generatcer cycle also was attributed to the fact that the engine thrusi
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conirol was nut accomplished at the turbine inleis, bui upstream of the

gas generator in the liquid liucs. Thus, the goe geiuerator oscillatisns

o

become coupled with the thrust chamber oscillations and impose more etrin-

gent requirements on the contirol system.

(V) A limited evaluation of the development areas required for each nys-
tem was conducted. Control of the tapofi properties for turbine drive
goees in the tapoff cycle will require extensive teating, and the tapoff
port design will have to sexrve a dual function to include igniticn, This
latter consideration was felt at first to favor the gas generator cycle
thrust chamber development; however, it must be noted that the gas genera-
tor ignition port design must also be located in a cool-temperature region
to prevent burning out the igunition perts and manifold during mainstage
operation, Therefore, the developmeni of a satisfactory port design is
roughly ithe same for either system. The tapoff property control develop-
ment in the tapoff system is offset in the gas generator system with a

gas generator throttling development; therefore, the area of development

was considcred a standoff.
(U) On the basis of the foregoing factors, the tapoff cycle was judged
to be the superior cycle, exhibiting higher overall performance and lower

weight with a simpler and therefore more reliable system,

(C) Turbine Arvrgngement., The tradeoff between a series and parallel

turbine arrangement was studied because of the potential reduction in
turbine flowrate that ihe series arrangement offers. A more detailed
analysis determined that the series arraugement produced a higher engine
specific impulse (0.6 second at full thrust); however, the parallel
arrangement wvas a simpler and lighter system. These latter considerations

are discussed in more detail in the following paragraphs.

{U) The parallel arrangement offers simplicity in packaging because the

turbine ir let lines for both turbines can be designed small in size as

BONEIDENTIAL
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a result of the high density of the gases at the inlets, The series
arrangemcnt, on the other hand, requires a large-diameter crossover duct
between the two turbines to handle the low-density fuel turbine exhaust
gas, reducing accessibility to the other components., Furthermore, thermal
growth in the crossover duct imposes side loads helween the two turbopumps.
Designs to accommodate these loades would entail increased structural re-

quirements or incorporation of undesirable flexible joints,

{U) With the requircment of tank head starts, it was found that the
series turbine arrangement was marginal in producing sufficient torque

for breakaway whiclh wes estimated to be between 15 to 506 in.-1b for each
turbopump. IHence, extended start times would result at sea level, It
therefore is nccessary to design a fuel turbine bypass for the start tran-
sient. This additional ducting, valve, and control network adds weight
and complexity to the series design. The parallel arrangewent, however,
exhibits completely satiasfactory start transients witheut any additional

turbine drive gas start controls (see the Engine Operation gsection,

page 75).

(U) The final results of the study therefore led to the conclusion that
the simpler control system, simpler component packaging, and lighter weight
of the parallel arrangement more than compensated for the slightly lower

performance of this system,

(U) Control Point Selection. A trade study to determine the best choice

of contrcl points for the tapoff cycle was conducted. Control concepts

utilizing multiple controllers for one function (e.g., rough thrust con-

trcl with one hot-gas valve aud trimming with two liquid line valves) i
were eliminated because of the adverse effect upon system reliabhility.

Therefore, o¢nly those concepte with two-point control were retained for
study in detail. These are listed below with the numbers in parentheses

corvesponding to the control points shown schematically in Fig. 51,
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i. Fuel turbine and oxidizer turbine throttle valves (1, 2) !
2, Tapoff and oxidizer turbine throtile valves (2, 7) é
3. Main fuel valve and main oxidizer valve (3, 4)

4. Two variable-area cavitating venturis (8, 9)

5. Tapoff throttle valve snd main oxidizer valve (7, 4)

6. Tapoff throttle valve and fuei pump bypass valve (7, 5)

7. Tapoff throttle valve and oxidizer pump bypass valve (7, 6)
8. Main oxidizer valve and fuel puwp Lypass valve (1, 5)

9. Main fuel valve and oxidizer pump bypass valve (3, 6)

(U) The atudy was performed using steady-stete operating Jevel at the
extreme points of the operating envelope. Constant-temperature tapoff

gas was assumed,

(U) The effects of each control system on the critical engine operating
parameters are summarized in Table 19. Undesirable levels of each param-
eter are shown with an asterisk, (Since this study was completed early
in the contract, the numbers in the summary table do not agree precisely
with the latest engine balence; however, the conclusions of the study

rerain valid.)

(U) The systems using two hot-gas valves have lower pump discharge pres-
sures or lower pump flowrates (or both) than all of the systems using

liquid side control. Therefore, the hot-gas control systems bave lower

engine weights and/or higher engine specific impulse.

(C) A dynamic analysis of control system response favors liquid control
over the hot-gas syatems. Nevertheless, the hoi-gas system response was
still satisfactory in meeting the engine reguirements, even at 20-percent

throttling. However, if the throttling range should be extended, this '
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factor wust be seriously reviewed. Another advantage of the hot-gas con-

| P

rol systems is hey cam be used {o conirol pump power during the
start and shutdown transients. The liquid-side control systewms cennot
be used for these applications because they also control flow to the thrust
chambers, Therefore, it waa concluded that a system utilizing hol-gas con-
trol was preferable to concepts utilizing liquid-side control, and a furlher

study between the series or parallel hot-gas valve arrangement was made.

(U) The series arrangement tends to separate the funciions of each valve.
The common upstiream valve is used for thrust contrel, and the oxidizer
turbine valve 18 used for mixture ratio control, This separation of func-
tions characteristic of system 2 will simplify dcvilopmeni of the engine
system because it will be pussible to operate the engine and components
with one valve and an orifice equivalent of the other valve, This charac-
teristic also gives this system the potential for open~loop operation
(valve position control only), and provides a measure of safety since the
failure of one valve does not destroy the functional effectiveness of the
other. The parallel arrangement will give greater start transient control
versatility; however, satisfactory start characteristics for the series

arrangement are predicted.

(U) Furthermore, a unique design incorporating the tapoff valve (poppet
type) of system 2 into a Y in the tapoff ducting provides design advanteges
for this system over system 1, and the control characteristics of such a

valve will be superior to that of a conventional poppet valve,
(U) The conclusion of this study was that hot-gas valves arranged in series

(system 2) should be selected because of control flexibility, superior

design features, and safety advantages.
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(U) Control Logic. After selecting the system control points, the { ’

control logic for the Demounstrator Module was investigated, The two candi-
dates considered were open-loop thrust and mixture ratio control, and
closed-loop thrust and mixture ratio comtrol. Both systems were cuclytically
designed to meet the specific requirements for the thrust and mixture ratio
controls, The closed-loop system was selected because of its superior control
characteristics. Hybrid syetems (such as open-loop thrust and closed-loop
mixture ratio control) were climinated from consideration for the same

reasons prcsented for the pure oper-loop system.

(U) The closed-loop system has a separate control loop for each valve.
The tupoff valve loop is closed on chamber pressure (ithe melection of which
is discussed on page 3&&), and the oxidizer turbine valve loop is closed on
engine mixture ratio., Interior closed loops on valve position are also

utilized,

(U) The open-loop system functions upon a valve position command and incor-
porates interior closed loops on valve position together with function gen-
erators relating the two valve positions. The function generators are
necessary to protect the engine since throttling of one valve leads to an

undesirable operating region unless the other valve is also repositioned,

(U) The closed-loop system exhibits much greater versatility than the open-
loop system. Extensions in either thrust or mixture ratio range are possible

with the closcd-loop system with recalibration of the system, and components
can be replaced in the engine system without system recalibration. Further-

more, programming of the closed-loop system for test purposes will be

simplified becanse the path followed between two operating points will more
closely follow a predictable straight line., The closed-loop system can be
run in the open-loop mode, while the open-loop system cannot be run in the

closed-loop mode,
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{C) The requirements for engine self-protection also creaie doubt that

an onen-loop systes may be simpler than a closed-loop system. Safety for
either control scheme cannot be implemented by the location of fixed
wechanical stops on the hot-gas valves since mechanical stops on the tap-
off throttle valve limit the use of this valve during start and shutdown,
and mechanical stops on the oxidizer turbine throttle valve will not allow
full traverse at nominal thrust or will allow burnout and flameout at 20-
percent thrust. DBoth systems are therefore dependent upon signal limiting
and upon reliable feedback signal maintenance to ensure that the engine

is operating at a desirable point, This is accomplished automatically
with the closed-loop system and by function generators in the open-loop
gystem. [However, the dynamics of the engine cuuse a problem with the
open-loop system when traversing from point to point, This cen be seen

in Fig, 52. In the traverse from 20-p2rcent thrust and mixture ratio of

7 te 50-percent thrust and mixture ratio of 7, a dynamic excursion of mix-
ture ratio to 8.5 is observed. This results from the ability of the oxi-

dizer turbopump system to accelerate more rapidly than the fuel systeml
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Figure 52, Dynamic Performance Path for an Open-Loop Control System
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(C) The additional components to solve this problem will eithcr moke the
open-loop system more complex than the closed-loop system or reduire pro-

granming at slower than the 5-second maximum excursion rate.

(V) TFurthermore, the accuracy of the closed-loop system will be much better
than that of the open loop because it is not dependent as much upon com-

ponent calibrations and engine calibrations,

(U) Therefore, the closed-loop system was selected for the Demonstrator
Module.

(U) Operating Envelope. The upper thrust level definition of the |

engine operating envelope was fixed at a constant thrust during the Phase
I proposal; however, subsequent snalysis suggested that other criteria may
possibly lead to engir« and vehicle advantages. Therefore, a study was !
made comparing a constant-thrust mixture ratio excursion against a meximum
pnmp speed limitation and against a constant-chamber-pressure mixture ratio

excursion. :

Each of the different candidates defimes a differeat maximum dlirust i

The three

AT
)
ve mixture ratio variation resulting in different pump speeds.

candidates are shown graphically in Fig,%% , which shows the trends of ;

these parameters with mixture ratio. Table20 summarizes the characteris-

tics of each method.

TABLE 20 ! ;
(c) THRUST VS MIXTURE RATIO COMPARISON Lo
Constant p | Meximm
Consideration Constant F c Pamp Speed
Specific Impulse, O seconds 0.1 <0.1 0
Engine Weight, pounds +30 <30 0
Engine Versatility Fxcellent |Excellent Geod .
Maximuew Fuel Pump Speed (MR=5), rpu | 38,900 38,300 36,000 »
Maximum LOo, Pump Speed {MP=7), rpm |25,330 25,700 25,000 ;
Thrust_,  (MR=5), pounda 250K 244K 244K l
Thrustg) (MR=5), pounds 208K 203K 186K ;
System Complexity Greater Simplest Greater than ;
than constant PP
constant P ) -
c ()
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(C) The constant-thrust criterion is slightly more complicated than the
other twe hecause the contrel system does not sense thrust directly. The
constant-pump-speed criterion eases the turbopump design requirements

but has the disadvantage of a 26,000-pound reduction in thrust at a mix-
ture ratio of 5:1. The constant-chamber-pressure criterion is easier to
control, and only a small decrease in thrust (4000 pounds) occurs at a
wixture ratic of 5:1. At the throttled condition (PC = 325 psia), the
veriation in vacuum thrust for the constant-chamber-pressure wethod is
even less pronounced with a decrease of 1050 pounds at 5:1 and an increase
of 850 pounds at 7:1.

(C) A cowmpariaon of the copstant-thrust and constant-chamber-pressure
methods was made in the applications study to determine the control method
effect upon the optimum vehicle mixture ratio. This comparison is shown
in Fig., 54 for a typical application, an expendable first-stage engine.
The comparison showed the constant-chamber-pressure method to have
approximately equal waximum index, but more importantly, the optimum
mixture ratio shifted to a higher value. This shift is faborable with
regard to vehicle propellant tank construction costs since it will result

in a smaller fuel tank.

'V = 250K PCUNDS; CHAMBER PRESSURE = 1500 PSIA;

MODULE DIAMETER » 80 INCHES
CONSTANT P DESIGN

CORSTANT 'v OES 1M

780 =1 EXPENDABLE FIRST STAGE
O = OPTHAUM NMIXTURE RATIQ
r s T 1
5
T ‘[
@

P e = o e e e
§ - ¥ N ——
z L P S~
8 - 215 —~ o]
£
£

20

] QW AZTAL
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=
©

5.5 6.0 6.5 7.0 1.5

HIXTURE RATIO

Figure 54%. Comparison of Effect of Mixture Ratio on Perforwance Index
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Similar trends were found for all six vehicle appiications studied during
Phase I. 1t was therefore decided to operate the Demonstrator Module

closed loop on chamber pressure.

U) Ignition Systems. While no tradeoff study of alternative igni-
Lgn. \

tion systems was made specifically for the tapoff cycle, several differ-
ent candidates were re-evaluated in conmjunction with the tapoff/ges
generator cycle comparison. Thies study compared th: hot-gas source with

hypergolic, propellani additive, spark igrniter, and catalytic systems.

(U) The hot-gae source ignition system utilized for the gas generator cycle
is identical to thc system used for the tapoff cycle, This has been described

on page 152,

(U) The hypergolic ignition system utilizes a third propellant, whick in
hypergolic with liquid hydrogen,as a lead in the oxidizer system during
start, Separate hypergel cartridges with explosive valves are provided
for each start. Hypergols considered were chlorine trifluoride (ClF3),

Compound A, & mixture of Compund A and triflucride, and fluorine,

{U) 7The propellant additive ignition system utilizes an additive injected
into the oxidizer propellant during the start sequence which makes it hyper-
golic with the fuel. The main difference betweea an additive and a hypergol
is the manner of injection; The additive becomes integral with the oxidizer
propellant, while the hypergol slug is used as a propellant lead. The ad-
ditive system would utilize a start tank with a metering contrcl valve at

the pump inlet.

(U) Twc possible spark ignition systcms were considered. The first wus
simply a seriee of spark plugs, mounted around the chawmber at or near the
injector face, which ignite the main propellants directly. The secoad was

a multiple augmented spark ignition system (ASI) which utilizes plugs

129
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recessed in the combustion zone with their own propellant feed independent (.)

of the main chamber. Each ASI unit produces a small hot-gas source which

in turn ignites the main propellants. The ASI system has a higher ignition l
energy than individual spark plugs, and fewer units would therefore be

required. E

(U) The catalytic ignition technique makes use of an H2 and 02 reaction,
promoted by a catalytic surface, which gives off hot gases. The gases are
used to ignite the main propellants. The catalyst is chemically unaltered
during the resction and resists degradation due to thermal effects, Indi-
vidual catalytic packas would be required at several points around the
chamber, and separate propellant feed systems would be necessary for each

pack.

(C) In the preparation for Phase 1, these candidate ignition concepts were
studied and the central igniter hot-gas source was selected as the most

promising, This system offered many desirable attributes including low

weight, rapid start, unlimited restart capability, uniform ignition, and
high reliability. Its biggest drawback was the lack of experience associ- B :
ated with hot-gas ignition. A feasibility test atndy was conducted on a -

related program to demonstrate hot-gas ignition. Resulte of the teel series

were encouraging, and satisfactory segment ignition was demonsiarted with

hot-gas temperatures as low as 1400 F and ignition delays below 40 milli-

secends. Test ignition pressures ranged between 118 and 195 psie which

are comparable to the design chamber ignition pressure of 100 to 150 psia.

(U) All aiternate systems exhibit slower starts than the cential hot-gac
igniter system because the turbopump buildup rate is dependeat upon the

main chamber pressure buildup rate. Proviaicn for an alternate turbine i
8pin gas source was considered but it would heve added ar urdnly large /

veight and complexity penalty.

(C) of the four hypergolic ignition system caendidatea, grecosr fiuworine
injection into thc cowbustor proved to be the awsv desiveble, The majox }

problem with the C1F, and Compound A sysiews is the eavirommental tecopera-

3

ture controil. ClF3 will freeze at -LU5 F snd Compound A nl 1535 ¥,
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probably necessitating temperature control through use of hesters, Further
undesirable features of each of the four hypergolic ignition systems are

the additional storage space, feedlines, and controls required.

{C) The propellant additive system is mosl attractive when a single start
tank is uscd rather than separate cartridges to provide accurate melering

of the additive. Of the additive candidatee, only ozone difluoride meets
the performance requirements. However, ozone difluoridc is not considered
feasible because of its stability characteristics. Ozone difluoride freezes
at LN2 temperatures, and decomposes rapidly above LO2 temperatures, pre-
senting only a narrow band for stability. In addition, ozone difluoride

is subject to delonation and would present an unsafe condition should it
hecome iealated in aun 10, stari systes., Therefore, this additive system
was eliminated because i; requires move stringent control than the hyper-.

golic system without offering any adventages.

(€} The direct spark igniter system was considered and found to be imprac-
tical because of the eztremely small energy source, This would mean wmany
spark plugs would be mounted in the main chember compariments, requiring
nultiple sets of electvical hernesy and exciter equipment. The complexity
of Lthia sveter tomedlio;

o e w e
ta™ et a Ava

PRYURI pu P . -~ . -
L spari locadivn design and development prob-

lems ond probable high weight were sdditional negative faciors.

(V) The muitiple augmented spark ign:ter system mounted inm the wain cham-
Gker showed litile jwprovessmt over the direct spark igniter systeum. The
bot gases it genevater provide a highev energy source, thercby reduzing
the nuber of spavie lecations reguired, Tt each AST wnit is more com-
plicated then the sinple plug. It nevertheless is preferred over simple
spark plugs becanse it produces swooilier, wore vepeatable startz., How-
ever, the high weight, electrical complexity, und chember design problems
for this systew restrict its application. - .

1%
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(V) The catalyst ignition systems were anaiyzed from both the adaptability
and the state-of-the-art standpoint. The incorporaticn of this design inteo
a toroidal chamber is extremely complicated and the state of the art was

not considered adequaie for this applicatiosn.

(U) The results ¢f the study therefore led to the conclusion that the
hot-ges mource ignition sysiem wag the best for either a tapoff or gas

gensrator cycle acrospike engine.

System Preliminary PResign

(U) The Demonsirater Module desigr is based upon the requirement to design,
fabricate, and test a full-scale, high-performance L02/1H2 engine at 250K
thrust and over the operating range anticipated for a Flight Engine. Spe-
cific demonstration and design requirements are presented in Table 9

(page 62). The syafem and component designs duplicate the Flight Module
configuration as closecly as precticable within the censiraints of cost,
schedule, safety, and development test flexibility. However, none of the
deviations from the Flight Module configuration affect the technical

integrity of the concept demonstration.

(U) The mechanical design is divided functionally into four subsystems:

(1) thrust, (2) propellant feed, (3) turbine drive, and (4) hot-gas igni-
tion. These are shown schematically in Fig. 55. Organization inte the
subsystems facilitates the system engineering concept by providirg overall
control of the technical logic process, by promoting function identification,
by defining function grouping, and by allocation of requirements for engine
system and component design, analyris, cvaluation, and test, The integrated

system is shown in Fig. 55 and the individual subsyetem considerations are

discussed below.

GONFIDERTIAL
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(U) Thrust Subsystem. The function of the thrust subsystem is to develop

and transmit the thrusi of the engine system to the gimbal peint, to pro-
vide sfructural and mouating support for the engine components, aund to

provide hot gases to drive the turbines.

(U) Description aud Analvsis. The design requirements for the thrusti

subsystem are defined by the overall engine performance requirements and

the interface relationships with other subystems.

(0 The Demonstrator Medule thrust subsystem (Fig. 56 ) is composed of
the following components: a thrust chamber, & base c¢losure, a thrust
structure, and pump mounts. The thrust structure is assembled to the
thrust chamber at 40 points located in the plane of the 40 subsonic
struts, thereby providing & load path from the outer to the inper body.
The thrust is then trensmitted through the thrust structure to the gim-

bal point which is located in the plane of the maximum diameter, thereby _

making the dynamic envelope equal to the static envelope. The thrust

chamber is described in detail in a separate section, page 160.

(C) The perforated base closure used with aerospike thrust chambers pro-
vides the means for introduction and distribution of turbine exhaust gases
into the inner-body base region tn increase base thrust. The basic design
approach consists of mountiing the base closure asgembly rigidly tc the
tarbopump exhaust flanges with a flexible coupling between the closure

and the nozzle fuel inlet manifold capable of accepting thermally induced
differential expansions and providing torsional restraint for lateral pump
support., The thrust load of the closure is transmitted directly through
the pump casings into the thrust structure. A minor axis diwmension of
6.00 inches was determined to provide a minimum weight compatible with
envelope congiderations. The aft surface of the closure extends 5.00
inches below the chamber exit plane; however, this additional height does
not affect the gimbal excursion, while the weigh. and internal flow advan-
tages offset the increased height. Turbine exhaust ducts are reguired

between the turbopumps and the c¢losure utilizing bolted flange couplings.
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(U) An internal bolting arrangement on the tase closure flange is used with

access for insertion of the bolts provided by holes in the perforaved aft
shell. Cone-shpaed orifice plates are utilized at the inlet to the base
closure from each turbine to distribute gas flow within the closure as
well as reducing the fuel and oxidizer turbine exhaust discharge pressure
from 7C and 40 psia respectively, to the nominal 3C-psia clesure internal
pressure. A flexible coupling, consistim of @ laminate of Inconel 625
sheet steel with a total thickness of 0.020 inch, is provided for seal-
ing the closure to the nozzle and to provide the aft stabilizing support
for the turbopump system.

(U) The thrust structure (Fig. 57) is a truss-ring-beam-hub structure
which attaches to tbe inner periphery of the thrust chamber. Ii is de-
signed with an cpen radial beam structure to allow accessibility for
maintenance and inspection. The center radial heaw thrust mount can be
removed easily from the truss-ring and lifted out (with the pumps, valves,
ducting, and hot-gas igniter attached) by removing six bolts ai the ring-
beam interface, The turbine exhanst ducts, and LHQ, L02, and hot-gas
ducts will be discoonected before the assembly is removed. The truss

cone and ring essembly is not removable from the thrust chamber.

ta) TRUSS LOADS \ \ [} '

z)«z.m ‘ A’}’\

1D LOAOS i)
RING

== Y LOADING (-
5 (R O TURBOPUMP
. ' LOADS
{ — L
ENGINE T\} $ " f
THRUST e RADIAL DEAM AND ¢
LOADS THRUST STRUCTURE B
(PRIARY) © 7 i ’.T‘i ‘?@4 /
GUBERAL () napraL seam anD
BASE FRESSURE LOADS HUB LOADIKG '

Figure 57. Aerospike Bngine Thrust Load Diagraw
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(U) A graphic representation of the thrust structure load distribution

is alao shown in Fig. 57. All engine thrust loads are transmitted through
the combination trusa-ring and radial beam thrust mount to a single, sim--
nlated gimbal hlock located on ithe cugine's longitudica éxia. The thrusi
cone truss is atiached to the chawber inner bedy at 40 attach points, and
tranemits the thrust loed (in tension) to the circular ring which, in turm,
transmits the load into the radial beams through a combination of bemnding,
ring torsion, and heop loading. The six symmetrically spaced rudial heams
transmit the thrust loed, in shear and bending, tc¢ the cenirally located

bub.

(U) The deeign is not deflection limited, and stress levels &re within
noermal design safety factors. The thrust eiructure beams are desigred
to withstand a maximum bending moment as a cantilever beam, The entire
thrust load is carried in bearing through the shelf at the six clevis
tittings (Fig.%6 ). The 1/2-inch-dismeter shear bolt is sized to take
the thrust chamber weight multiplied by a ground-handling load factor
of 10 g.

(U) The thrust structure is fabricated from 6Al4V titanium. The thrust
beam and hub assembly is machined from hand-forged billets. The torus
ring utilizes seam—welded tubing made from strip sheet stock and the T
ring is & contour roll forged ring. The six beam attach fittings thai
assemble to the torus ring-are made from titanium bar stock or smell hand
forgings. The B0 tension tubes tbat form the truss structure are welded

assemblies made of bar siock or forged fittings welded to seamless tubing.

(U) Trunnion-type mounts were melected for attaching both turbopumps to
the thrust structure. In this design, the fuel turbopump is provided
structural support from the thrusi structure at the fuel discharge flange
(Section C-C, Fig.56 ) and by a structural pad and fitting (Section D-D)
on the fuel volute opposite the discherge flange. To hccomplish this,

fittings with spherical surfaces permitting engular misalignment are
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incorporated on the centerlines of the radial brams adjacent to the pump.
The fitting at the flang

rovides a Iixed peoint of support, and the

»
n3

opposite fitting is fixed in two directions allowing metion in a radial
direction from the pump centerline through the fiftting. A third support
poini is provided by the turbine exhausi duct, base closure, acd the pump
siiell tc¢ prevent motion of the pump aboul ithe axig feund by the two fittings
on the thrusi structure. The trmnnion design for the oxidizer pump pro-
vides structural support at two struciural pads end filtinge 180 degrees
apart on the volute in the manuer showe in Fig. 56. The other aspects of
the oxidizcr pump mounts are identical te those of the fuel puwp. 1o addi-
tion to the turbopump loads, the iturbepump meunts tranewit the base closure

thruet loads Lo the thrust structure.

{U) Allernatives Studied. A detaileg trade study was conducted to

establish the optimum thrust structure configuration, and an aliernate
punp mounting design wae considered. These {wo siudies are presented

below,

(U) A thrust structure trade study was made to svaluate the weight,
agsembly, and accesgibility aspects of this component assewbly. Twenty
tive basic concepts were evaluated in three hasic categories using the
module gimbal point as a means of classification. These categories were:
(1) designs with the giwbal point at tne elevation of the injector fo-e,
(2) variations c¢f categary 1 designs but locating the gimbal point 5
inches mbove Ghe injector face, pnd (3) designs for 2 gimbal point located

al the maxiwom elevation of 24 inches. DBucause of volume requirewments for

compenents within the thrust chamber inner-body

were limited to an envelope extendiung less than

cavity, struclure designs

13 inches below the in-

Jector face, The vpper limit was established by dynamic eavelope and

engine lengih regquirements frop module application considerations.

Out

of the Y5 coucepts, four candidates (Fig. 58) were s¢lected for more ex-
tensive eveluwation preparatory to the fipal selection. Figure 59 shows

the plot of weight vs height for the truss configuration and is ihe same
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in gencral fox the berms. Figure 60 shows ihe dimensional geomelry of
{he mcdule sreloted to avaiinble space for the thruel svructure, A plot
of the moudule dynamic cuvelope radiuvs ve gimbul point elevaiion is shown
in Fig. 61 fov the P-degiee circular giwbal patieiu.
{U) These four rewaining candidate thrust structures were subjected to
dceper snelysis. The finsl design sclection is & modification of concept
I.  The major faclors in the selection of the finel struclure were weight,
ihe si1ze of the module static end dynsmic envclnpes, the structural ccn-
sideralioas at the thrust chawber interface, cowponent mounting and space
congiderations, manufecturing, aessully, and accesaibility. Table 21 pre-
sents the evaluation of the four cendiduies in terms of the abeve factors.
Am indicnted in Table 21 , thrust chamber weight and thrust structure weight
for the selected gtructure were raled 4 and 3, respectively. Through the
~tiuss cene arrangement of configuration F, 40 points of attachwent to¢ the
thrust chamber are mude poesible, thua providing excellent load distribu-
.fiéﬁ té-tﬁé"tﬁ;ﬁéﬁrgﬁ;ﬁ;{ﬁké. Configuration F, though somewhat lower in
structurel efficiency than the trues arrangesient ¢f configuration R, is
more efficient then configuratione C and Q because of the teneion--type
structure o’ shortened beam span. Relative ralinge were assigned to
each candidate on & numerical basis of 1 through 4 with highcr numbers

ipdicating hetier rdtings.

(T} The module static aud dynemic envelope with the selected structure
ie rated 4. Through this atructural arrangement, & winimum module length
is achieved and the dynamic envelope is ne greater than the atatic envelope.

Modale length and dynamic enveiopes ave gremter with the othar cendidates.

(U) The structure interface with the thrust chamber rates (4) for the
melccted candidate by providing & more uniform load distribution through

40 nttach prints as compared to 6 attach peints with the other candidates.

(v) Facility for compouent mounting is egnally provided for by the candi-
date and the shallow beam structure (configuration C), beeed upon access
( to the structure for this purpoize ard space withian the module envelope

; " for the componenis.
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¥Figure 60. Gimbal Height and Thrust Structure
Space Limitation Diagram
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(U) Configuration F is rated 3 for manufecturing simplicity, while the
simple beams of configurations C and @ arc both rated 4. The pure truss
errvangement of configuration R is the most complex and is rated 1. Access
and asgembly of confignrations F and C are hoth rated L, The veolume ac-
cessible from the rim of the thrust chamber caised by the low profile of
the thrust structure is substantial, while tZe deep atructures used in

configuraiions ¢ and i tend io impair accessibiliiy,

(U) 1In conclusion, the configuration F type was selected. This structure
consists of s1x radial beams, a tornr ring, and truss cone arrangement
(Fig.56 ). The features that mark the principal difference between the
selected structur> and that originally proposed for the demonstrator module
are the thrust cone which ig replaced by a series of individual truss mem-
bers, the weldment of the truss members to the torus ring and thrust chamber,
and the radial lLieam arrangement. The radial beams and hub are a removable
assembly by viriue of mechenical joints beiween the radial team ende and

the torun ring. The beams are of continuous shear web and cap corstructicn
tapering to bolted fittings at the torus ring. The preliminary layout was
completed with the arrangement of truss members hetween the torue ring and
the thrust chamber. They lie in a conical plane joined tc the torus wits
weld fittings. This asssembly in turn is welded to the periphery of the
thrust chamber inner body. The material throughout is GALAV titanimm for
light weight and weld compatibility, Preliminary results of the thermal
analysis show a 0,070-inch therms) contraction of the thrust chamber siruc-
ture at start from intreducing I, inte the regenerative cooling cireuit
prior to main chamber ignition. %his contractieon ie accomrpodated by the
tbrust siructure by defleciion of the truss cone arrangemen! and is winimized

by location of the atlachmsnt tu the iLhruat chamher.

(U) Two turbopump mounting concepts were studied. The first, for both
fuel and oxidizer pumps, features adjustebility in the X, Y, and Z planes
provided by a yoke fitting and a stabilizing rod¢ shown in Fig. 62. Attach-

ment to the turbopump is made thrangh four clevis fittings machined on the
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pump shefl., Adjustment in two of the planes is accomplished by the serrated ( ’

plate and stabilizing rod, allowing the Lurbopump to be rotated about the
pinnel clevie by ithe stabilizing rod and adjusted radially by positioning
the serrated plate. Adjustment in the vertical plane is accomplished by

use of the rewmoveble shims,

{U) The second concept was the trunnion-type mount described on page 139.
The trunnion-iype mount was zelected beceuse of the mere efficient, bolted-
type pad connection to the turbopump, the b .ter section characteristics of

the trunnion fitting, and wanufacturing simplicity.

Propellant Feed Sybeystenm.

(U) Description and Avalysis. The Demonstrator Module propellant

feed subsystem consists of the following components: (1) oxidizer and

fuel turbopumps, (2) oxidizer and fuel liquid-propellant line assemblies,

(3) main fuel and oxidizer valves, (4) oxidizer and fuel system fiowmeters (‘ 

and flow straighteners, and (5) hot-gas igniter liquid-propellant feed
lires. The complete suksystem is shown in Fig 63. Turbopamp details

are discussed on pages 243 through 330 of this report.

() a single discharge line carries the oxidizer from the pump discharge
port to the flowmeter and main valve, DNowustream of the coutrel valve is
a Y fitting which splits and directs the flow to two branch lines of egqual
dismeter to two ports, 180 degvrees apart om the injector oxidizer wsui-
fcld. A single dircharge Jine alse is used for ihe fuel from the pump
through the flowmeter Lo the wain valve. The outlet flange of the main
fuel valve is the funl feed system iunterfoce with the thrust chamber

fuel manifold inlet flange. The hos-gas igniter fuel and oxidizer are
supplied by tapping off the main propellaut lines belov the pump outlet
flangee. The oxidizer end fuel turbepawps are mountied to the thivat struc-

ture beams, and the turbine exhaust ducts attach dircctly to the base closure
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assembly. Pump exial dimensional variesiion is compensated for by the use {

~

of a flexible, U-ahaped, hoi~-gas seal between the nozzle aud the base

closure assewbly.

(0) The main fuel and oxidizer valves are quick-responze, flight-type,
pnewmatically actuated visor (modified bail)-type wnits, and are lccated
downstream of the turbopumps to conirel propellant flow te the fucl and

oxidizer manifolds.

(U) Turbine-type flowmeters with flow straightenere similar io those used
on the J-2 engine are inst.lled in each propellant line, Both flowmetes
asgemblies are instulled in their respective systews at a point upsireauw

of the propellant valve inlet ports,

(C) The exidizer flow dividing the Y fitting is located above lhe thrust
structure to permit routing the ctidizer branch lengths to tle injector
oxidizer manifold to aid nriming and egualize line AP. Phe roatiag ox

the main oxidizer line from the pump discharge to the main oxidizer vat. @ {"“i
yrovides a straight section of lire upairveaw of the wein oxidizer voalve ito
contain the oxidizer flowweter. The msin oxidizer line and branchk line
sizes ave 4.0 apd 2.75~inch ID, rempecvively, which establishesn 80 fi/sec
oxidicexr flow velocity at the sysiem nomiral opersting point. The main
fuel lipe routing provides a miraighi section immediastely duwnatream of

the fuel pvmp discharge to contain the fuel flowmetsr., Thip fuel line
pasnes ihrough the shear web of the thrusy structare radial beam sdjacent
tn the fuel pump discharge. It is provided with a spherical surface collarx

fitting providing one of the gupport peints for mounting the fuel furhovumn

o
He < e FALLB R CREL R AL L S R S 1 a2 pLL AN

The fuel lipe size is 3.79-inck ID, which establishes 200 fi/sec fuel flow

velocity at the symtem nominal operating point.

(U) All line assemblies ore made of Incoael 718 sheot stock, rolled, seam
welded, roll planished, and sized to the vequired inside diameler. Ald
flanges, flowvmeter housings, and the oxidizer Y fitting are machined fiow
Inconel 718 forgings. Afier completion ef buit welding, each line asscnbly
is heat treated to 175.000 to 200,000 psi ultimate teusile streungih, and § }
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final required dimensional conirel is obiained by a final post heat-tre: t
machining operation, The oxidizer branch liues are designed as symmetrical
as possible to equalize injector manifold propellant distribution. The
lines ere designed to deflect as the injector manifold/thrust chamber ex-~
pandz or contracts during ite thermal excursion. The line deflectione will
not cauvse bending stresses that will exceed the allows :le materiil yield
value. Jacomel 718 nickel base alloy was selected for this application

because of its high strength-to-weight ratio.

(U} The propellant duct structural sizing ie besed on internal pressure,

bending stresses imposed by thermal loads, and materisl thinning in metal-

forwing operaticns svuch as tube ! ading and sheet forming. The system was

then optimized to yield the lightest weight and lowesti pressure less

configrraiion,

(V) Many difterent types of commercislly available static seals were con-
sidered during sindica of sialic-pealing methodz. On the basis of proved
saticfactory operation and experience, the Naflex senl was selected for

usuge on both the fuel and oxidizer systems.

(V) Alternatives Studied. Design allermative studies were conducted

to salect the duct meterials and fabrication processes, and to select the

“best flange static seal. These evaluations are discassed below.

(U) A design evaluaiion study conducted to select the material for tue main
oxidizer and fuel high-pressure propellunt feed ducts resulted in the celec-
tion of Tncomel 718 for both syetems, Other candidetes in the atudy were
60611t aluminum, 347 CRES, and inconel 718. Incomel 716 was selected-bew
caveze of its higher strength-to-weight ratio and its superior cepehiliiy

to resist thermal styxessea and defleclions.,
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{U) A design evaluation study wan likewise perfermed on the manufacturiug
approach to be used to produce the oxidizer brauch line Y fitting. Three-
dimensional machining of a one-piece forged billet, a formed shect atuck,
four—piecé weldment, and & one-piece precision invesiaen! cesling were
conaidered., The three-dimcnpional, machine-forged billet approach wae
sclected. The selection factors influencing the decisien were weight,

reliability, toecling, and coat for limited initia) produciion,

(U) ‘Ihe Naflex pressure-actueted scal wus selected for use in all the
flauged (static seal) applications, Elastomer O-rings, metal O-riage
{vented and pressurized types), K seals, and Conc-seals were among the
other types of seals evalueted iu en independent survey of cryeogenic,

static face seals where the Naflex scel showed best performance,

Turbine Drive Subaystem.

(U) Description and Analysis., The Demonstrator <~3ule turbine drive ( J
subeystem consists of (1} tupoff hot-gas ducts, {2) oxidizer turbine inlet )
duct, (3) tnrbine discharge ducts, (4) tapuff throttle valve, {5) oxidizer
turbine throttle valve, and {6) fuel turbine calibration orifice. The

subsyatem integratien is shown in Fig. 64.

(U) The tapoff hot-gas ducts intercomnect the two poris on the combustio
chamber tapoff manifold with the tapoff hot-gas throttle valve which effec--
tively forme a Y joining the two ducts. The discharge port of the tapofi
throttle valve interfaces with the distribution manifold that is part ot
the igniter subsystem. The oxidizer turbine throttle valve ie located at
the oxidizer turbine port of the distribution menifold and the coxidizer
turbine inlet ducti connects the valve with the oxidizer turbine. The fuel
turbine calibration orifice is located at the interfoce belween the distri-
bution manifold and th¢ fuel *urbine. Engine thrust control is achieved
with the tapoff throttle valve and engine miaxture ratio is controlled by

the oxidizer turbine throttle valvwe.
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Pigure 648,

Dercusirator Moduld Turbine Drive
Subeystem
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(V) The concept of combining the tapoff throttle valve and the Y joining
the two tapoff ducts permitted the seleclion of a poppet-type val-e which
has a lower pressure loss than conventional 90-degree poppet valves. The
turbine—drive hot-gas ducts and manifolds are sized for the start comdition
in order to provide a waximum turbine inlet pressure for the tank head
start, The tapoff ducts are pized for steady state and have a 2,.50-inch
ID; the oxidizer turbine inlet duct is 3.15-inch ID, and the nowminal inter-.
face between the distribution manifold and the fuel turbine is 3.15-inch
ID. The shape of the ducts interconnecting the two tapoff menifold flaages
tc the tapoff throttle valve are designed to permit deflection during ther-
mal growth., The length and shape of the oxidizer turbine inlet duct is
likewise designed to permit tkermal deflection. All high-pressure duct
assenblies ar¢c made of Hastelloy C, selected because of ite high strength

at elevated temperatures.

(U) The fuel and oxidizer turbine discharge ducts interconnect their
respective turbin.:s with the nozzle base closure. These ducts are sized
for internal pressure and base closure thrust loads, end are made of
Inconel 718 material selected for its high estrength-to-weight ratio and

its capability to resist thermal stresses.

Hot-Gas Ignition Subsystem.

(U) Description and Analyeis. The Demonstrator Module hoi-gas igni-

ticu subsystem consiats of (i) igniter assembly, (2) isolation valve,
{(3) distribution mauifold, (4) liguid propellant valves, (5) L0  pressure
regulator, and (6) purge and vent check valves. The location of the hot-

gae ignition subaystem within the Demonstrator Engine is shown in Fig. 65,
(U} The hot-gas distribution manifuld serves as the interface between the

hot-ges iguiter subsystem end turbine drive subsystem. This manifold has

four porte. One port interfaces direclly with the fuel turbine inlet,
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Figure 658, Demcnsirator Module Ignition Hot-Gas
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another pert interfaces with tlie oxidizer turbinc throttle valve, and g
third port interfaces with the tapoff throitle valve. The isolation valve,
a poppet-iype valve located in the base of the distribulion wouifold, seats

on the fourth port and mates with the igniter combustor body.

(U) 7To provide multiple starts, the hot-gas igniter uses a spark ignition
syrtem and is monitored by an ignition detection device. The hot-gas 1g-
niter isvlation valve prevents tapoff gas backflow into the igniter. The
igniter fuel and oxidizer valves arc mechanically linked together to previde
more reiiable valve timing during starli and shutdown, Hot-gas igniter tem-
perature is controlled by an oxidizer pressure regulator which maintains

the oxidizer manifold pressurc at the proper level relative to the fuel
manifold pressure, Hot-gas igniter purge and vent check valves ave provided
to prevent steam and contaminant backflow through the hot-gae igniter combus-

tor and injector,

(U) since the hot-gas igniter operates ounly during stert, the prepellant
lines and het-gas lines for the igniter subsystem are sized for low resis-
iance for turbine spin and ignition under tank head conditions. Line sizes
for the hot-gas igniter subsystem are as follows: tapoff throttle valve
interface 3.50-inch ID, fuel turbine interface 3,15-inch ID, and oxidizer

turbine throttie valve interface 3.15-inch 1D.

(C) "Hastelloy C" material was selected for the distribution manifold
because of its high strength characteristics at the 1500 F coperating tem-
perature of the system. Casting was selected as the manufacturing approach
for the manifold because it is best suited to produce the internal passages
reguired in the manifcld and perting for ettachment ¢f the iguiter combustor

and the igniter isolation valve,

v) Accessibility. Accessibility considerations assumed a mejor role in

the design of the Demonstrator Module system. In this area, accessibility

BONFIDENTIAL
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for leak, funcilional, ani electrowmeclunical clicckout 18 a primary cousid-
eration. The systcus design provided vcecess for and zave preferred loen-
tions to critical cowponents. The engine desigu thus provides fur component

xeplacem i,

(1) Lucations oy lcuk, fouctionsl), aw! clecirical chechoul penels have |
» » I3 ~ . - : q
not bern finalized on the zugine; howeves, electiical, mechanicel, ard

Yenk check connecters will be brought 1o the 1op of ihe on

rought 1o » 1o ine package for

(=4

4
oi
cogy eecess,  Accessible disconrect pauels or¢ snown in Fig. 66

TO TEST S14vD
OR VeMICLE

= DESCORNECT
P-NELS

o

DISCONNECT
PANEL = DISCONXICT

PAREL ;

RIANPEEY Y

ﬁ

s s

Two are located within the iuner body; the other spans the thrust structure
beams and is for cugine-te-vshicle or test facility intertace. The turbo-
pumps, valvzs, and igriter are arranged with mounting connections made to
the rediel beam aund hub assewbly of the thrust structure such thatrthese
componeuts may be wstelled and removed together with their intercomnect-
iné ducts as a subassembly. This design featuve makes it possible to re-
|-lace any magov component after removiag the Lub aud beam subassembly ITrom

tie thrusit chambor.
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(C) Demonetrator Module Weight. A very iwporieni aspect of the Demon-

titrator Module design is Flipght Moduic gimilsiyity., The Demonsirator
Module components and aysiom arc designed to be as near flightweighl as
is ecouomicnlly prudent withoul comprovising thce high canfidonce level
and test flexibility that must ve ensured for the demonsirstwer program,

In many cases, further weighti reductions wil! be achieved through develop-
menit efforts and design vefinements that wonld be iopraclica: for 1mror-
poration in the Demonatrutor Module, For exouple, flunged fitlings are
used through ithe Demonstrator Engine to reduce development {ime and cosat,
whereas the Flight Module will have a1l vildea fotuvings resulting in sig-

nificant we.ght savings, The Demonsirater Module weight was caliulated
3.

|14

to be 3950 pounde. A detailesd weight breekdwvin is sliown in Table !

_(U) luterince Requirements. " The Demcnsrrator Module is designed to Lo

interchangeable with all tesl facility sl{ta~hisent points. Thrusi vector
control may be accomplished by meaus of a J-2 type gimbel beaving celuvted
by hydraulic actuators attached to the thrust mount. While this capohiliiy
is inhcrent in the basic design, it is not intended to incorpuisty au active
syatem in the enginc design. The tesl stund-to-engine interface arvuw
include (l) thrust and stebilizer connections, (4) fuel and ¢3idicer low
pressure inlet ducts, (3) electrizul supply lines, aud (4) yneumatic supply

lines

Thrnst Chamber Desipn

(U) Ihrust Lhomber Assembly Megquiremeris, Tie initisl thevst chasber

asseably design requirements, which were derived from the contractuel thrust,

perfrrmance, and operational requirements and the pressure requiremenis
defined ky. the ovstews annlysis, age shown iu Table 235. Thrusi chamber
degipgn details are shuwn iv the layouts of Fig. 67, and the weight break-

down was presented in Table 22 ,
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TABLE 22

SUMMARY OF DEMONSTIATOR MODULE WEIGHTS

Thrusi Subsyaten

lnjector and Manifold
Injector Clamp Rings
Structural Tie

Inner Body

Guter Body

Base Closure

Tapoff Manifold
Thrust Siructlure
Attach Parte

Turbine Drive Subsystem

Tapoff Lines

Inlet Duct Oxidizer Turbine
Exhaust Duct, Turbine

Tapoeff Throtile Valve

Oxidizer Turbine Throttle Valve
Calibration Orifices

Yot-Gas Igniter Subsystem

Combustor and Injector

¥t €o- PMatrihwtion Manifeld
Hot-Gas Igniter lIsolation Valve
Propellant Feed Line

Oxidizer Preasure Regulator

Propellant Feed Subsysteu

Oxidizer Turbopump
Fuel Turbopump
Propellant Ducting
Proepellant Flow Sensors
Main Oxidizer Valve

Main Fuel Valve

Igniter Propellant Control Valve

Mounts Turbopump

Vent and Purge Subsystem
Gimbal Bearing

Controls Electrical
Controls Pneumatic

Total Engine Weight

structure) = 2375 pounds

(2675 pounds)*

352
ihh
474
772
431
74
60
300
70

(106 pounds)
26

18

36
18

2
(112 pounds)

By
33
28

- (1028 pounds)

343
453
61
9
59
11

2

(29 pounds)

13950 poundsi

*Thrust chamber assewbly weight (thrust subsystem wminus thrust
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(c) TALLE 23
THRUST CHAMBEIL #SSEMBLY DESIGN REQUILEMENTS

Verforuwance Commensurate with meeting engine require-
wenls of 96% theorctical 1, at full
thrust, 95% T_ during throtiling

: 95% 1, ng
; Maxiumum Engine Thrusti 262,000 pounds
i
E Injector End, psia 1635
i Maximuz Pressure Limits Fuel Manifold Inlet, psin 3062
: Oxidizer Manifold 1lnlet, psia 2104
]
] N .
! ¢’ MIt MR wLH'.Z’ L"Q manifold
Critical Cooling Conditions | psia eng tc 1b/sec  Pr, psia
f 1500 5.8:1 6.50 793 2655
325  T:1 7.30  14.7 S5hh
Maximum Thrust, pounds 9750
; Base Closure Maximum Flowrate, 1b/scc 14,95

1500 F Gases at MR = 0,764

Tapoff Manifold Maximum Manifold &P = 129 at &= 14.95 1b/scc

Life 300 therwal cycles, 10 hours TBO

Maxiwum single run duration:
Durability 100% F: 600 scconds
20% F at sea level: 20 scconds

(U) The three major subcomponents, i.e., combustor and nozzle, injector,

and base closure, are discussed in more detail in the following paragraphs.

, (U) Materials and fabrication techniques utilized are state of the art, with

E sirong emphasis on cost and low weight. Features connected with critical

technology ewmbody the inforumaiion gained and configurations proved success-
F ful in the Task II experimentation. These include: combustor shape, nozzle

contour, injeclor pattern, tapoff location and design, cooling tube material,

structural arrangement and throat geometry, L0, manifold priming features,
assembly seal fcatures, cooling tube heat transfer criteria, and accessibil-
ity provisions for thrust chamber and injecter inspection during development

testing.
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(¢) The thruet chamber for the Demonstrator Module hus cvolved frow design
onalysis and Phase 1 testing, and represcuts the best vowpromise belween

concept evaluation, cost, echedale, and weight., It is designed with a

nozzle length equivalent ta 25 percent the length of a 19-degres, half-angle
conce of the same arca ratio, and consists of comcentric regencratively
cooled inner and outer cowbustor aoscmblies; an annuler injector; a per-
foraied base closure; ithrusi mount atisch provisions; gnd inverinces fox
fluid and goscous ductiug from ithe turbopumps. The combuslor asscmblieas
forw an aninlar chamber leading to a cecuverging throat, & shrouded ouler

tubular nezzic wall te the exit planc. These elemeutls are shown ia Fig. 08,

| 100 INCH DIAMETER

93 INCH DIAMETER —————*
OXIDIZER INLET

COMBUSTOR

OUTER -  (—
BODY Ee—— iNKER BODY
4
THROAT —
B 55.9 INCHES
‘s’ﬂlﬁﬁo oo TURBINE EXHAUST
GAS INLET ~{NNER
FUEL INLET-- i
‘‘‘‘‘ .o NOZZLE

(V) Each combustor assembly is fabricated of Lirazed tubing which forms
cylindrical sections with scaled manifolds et cachk end. The support struc-
ture is subsequently adhesively Londed to the tubes. The todies are con-
nected by 40 regencratively cooled subsonic siruts, each installed radially
in the aunular combustion chamber area with twoe preloaded bolts. The com-

bLustion chawber is closed at the top of aun injector ring assembly, axially
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bolted to each combustor assembly. DProvision is mode to attach a thrust
siructure assembly to the backside surface of the iumer cowbustor. The
bhase closure attaches at the inner-body nozzle exit. Fach subassembly

can be recadily removed for replacement or interchangeability.

(U} To effect cost savings and provide for flexibility in development
test operations, some design featurcs are not flight type. The design
coucept, however, has not been affected, and a logical growth to the Flight
Module will follew from the selected thrust chamber design. Although min-
imum weight hus been & design cbjective, a weight penalty has been accepted

for the demonstrator thlirust chamber if:

1. It can be logically shown that the weight can be removed from

the flight chamber
2. A significant cesi saving can Le ensured in Phase Il

3. The technical integrity of the concept demonstration is maintained

4. The development test flexibility is improved

Specifin areas affected by these considerations are the tube design, in-

jector desipgn, and fuel risers.

(U) Combustor and Nozzle Description, The combustor and nozzle descrip~

tion can be separated into discussions of the thrust chamber construction,

the regenerative-cooling circuit, and the hot-gas manifold design. Each

@

ig discussed in ithe foliowing paragraph

(U) Thrust Chamber Construction. The combustion chamber and nozzle

of the Demonstrator Module thrust chamber are formed by two regeneratively
cooled subassemblies, inner body and outer body, and 40 regeneratively

cooled subsonic struts with the design parameters shown in Table 24 ,
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() TABLE 24

THRUST CHAMBER DESIGN PARAMETELS

Length as Percentage of Lquivalent

Area DNatio 15-Degree Cone, rercent 25
Throat Area, in."Z 85.14
Overall Digmete_, inches 100.0
Overall Height, inches 55.90
Contraction Area Ratio 7.13
Expansion Area Ratio 74.1
Mean Combustor Diawmeter, inches 93.0
Combustor Width, inches 2.0
Threat Gap, inch 0.281
Length Injecter to Throat, inches 6.0
Tube Material Nickel 200
Number Tubes Outer Body 4400
Number Tubes Inner Dody 4240
Number Subsconic Struts 40

(C) The inner body which forms one side of the combustor wall consists
of a 4-1/2-.inch straight wall which converges to the throat and diverges
to a truncated spike contour (nozzle) upon which combustion gases act.

The outer body forms the second side of the combustor wall and consists

of a 4-1/2-inch straight section, a convergent section to the throat, and
the contoured shroud. Doth inner and outer bodies consist of regenera-
tively cooled, tubular systems to which the external support structure is
adhiesively bopded. The coolant circuit is forwed by nickel tubes (4400

on the outer body and 4240 on the inner body), furnace brazed to form 360-

degree assemblies,
(U) Seats are provided at 4N locations, equally spaced on the inner and

outer bodies (on the straight walls of the combustor zone), for attaching

gubsonic struts that carry separating loads and stabilize the threat gap.
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(U) The nozzle exit of the inner body contains a single inlet distribution
manifold into which hydrogen propellant from the turbopump is introduced,
Provisions are also made at this point to attach the perforated base

cloaure. Regeneratively cooled tubes carry propellant to a collection
manifold at the injector end. The truncated spike nozzle oi the inner

tubular wall {(below the combustion chamber and throat area) is supported -
against buckling and side loads by eight circumfereniially placed "hat"

bands.

(U) The injector end of the outer body contains a propellant collection
manifold similar to the inner body. Fuel is accepted at this point and
distributed through regenerative-coclant tubes 1o the collection wanifold
brazed to the end of the shroud. Provision is made &t this point for

attachment of 40 tranafer tubes that duct the propellant to the injector.

(U) Structural restraint against chamber pressure, thermal and operationel
loads, and excessive throat deflection is provided the Demonstrator Module
thrust chamber by means of titanium {6A1-%V) shells, fabricated in segments,
and adhesively bonded to the tube bundle. The segments are fabricated

with thin webs on the outer periphery to provide a maximum moment of iner-
tia and to resist bending with 8 minimm of weight. The segmente are
bolted to each other and adhesively bonded to the brazed tube bundle.

(C) Forty subsonic struts maintain the inner and outer bodies at their
design radial locations and produce & rigid annular structure with a mean
diameter of 93.0 inches. Each strut is secured in pesition by two bolts

passing through its center and thrcugh the inner and outer bodies.

(C) Each imnner- and outer-bedy shell is fabricated in segments (four

outer and four inner) and mechanically joined at segment interfaces to

provide a continuous 360-degree structure., The assembled combustor diam-

eter &t the tube-wall interface of the outer ahell is approximately 95

inches and that of the inner shell is 91 inches.
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(U) The four outer-body segments (Fig.69 ) are of identical geometry and
extend from the injector end to a plane just above the collection manifold
at the shroud end. Each is fabricated with a continuous contuur on the
tube mating surface, integrally attaching to four peripheral sections
spaced for maximum structural efficiency. At iU equally spaced lucations
on each quadrant, bearing surfaces for seating subsonic struts are machined

and oles for insertion of structural tie bolis are drilled.

(C) 7The inner body (Fig. 69 ) is formed from four segments, three of which
are identical units, each representing a 117-degree arc of a 9l-inch-
diameler circle, and the fourth is a 9-degree segment. ®Each unit exteunds
from the injector end to a point on the nozzle approximatcly 6 inches
(measured axially) from the throat plane, and includes a nezzle support
structure and provisions for thrust mount attachment. Bearing surfaces,

radially ovpposite those on the cuter body, are provided for seating struts.

(U) Regenerative-Cooling System. The regenerative-cooling ssstem

consists of the brazed tube bundle, the various manifolds and ducts, the
subsonic struts, and all elements that provide flow paths for, and are
cooled by, the fuel during its passage from the inlet of tne thrust chamber

te the injector inlet manifold.

(C) The basic cooling circuit for the inner and ouler bodics was optimized
early in the contract for the iowest pressure loss with reascnable tube
sizes, This procedure resulted in the eelection of cooling the inner body
in series with the outer body.(Fig. 70). In this scheme, the coolant enters
& wainifold at the exit end of the inner hody, conls the inner bhody, flows
throagh the injector, cools the outer body, and then is injected into the
chamber. The total regenerative-cooling pressure loss including inlet and

exil manifolds was predicted to be 825 psi.

)
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OUTER BODY
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Figure 6¢, Demonstrator Module Thrust Chawher
Segmented Titanium Structural Shell
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(Y} Total fuel flovw is introduced inte a single-inlet, nontapeved wani-
fold located at the exit plane of the inner twube-wvall nozzle. A singhe-
paas circuit feeds 2LP0 tubes spliced 2:1 to 424D tubes toward the in-
jector end. Al vhe start of chamber convergence to the throat in the
combnelion zune of the inner body, two paths must be described £33 clarity,
thet tureugh the bnfile aeat and haffle und that {hrough the remainder

of the wyatem,

(10 The inner-Yy, v tubea interancting each of the 40 cqually sunccd suo-
eonic strut seats (extending from the stort of the convergence systew to
ihe ivjector end) discharge their fiow into manifolding within the seat.
Purt of this flow in directed within ithis manifold inte ihe stirut across
the sealed strut-seat interfece. The remaindev of flow in the seal is

direr{od to o collection manifold at the injector cnd of the inver body.

+(U) Hydrogen £low through the remainder o' the sysiem (between strut seats)

conSinues from the start of convergence be the throat of ihe inner body to

the same colleciiun manifold mentiocned above.

(C) it each of the 4V strut locations, passages conm:ct the collection

manifold vo the sivui dcross the sealed strut-seat interface. Total fuel

-flow i« thus directed intc the subscnic striil where approximately 25 por-

cent is used tc cool the copper strut face in a single~puss regonerative

circuit, The revaining 7% perceni of flow is divected aecregs ibe bafile

where the tsial is discharged inte a manifoiding systew at the injector

LRRL Y 5 1 1. 3 .
v et of nner hody. Frem this

Ly
point, single-pass flov *hrough the oublvr body and shroud tubes occurs.
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(U) A colicction menifold at the cxit of the outer-bedy shroud cowbines
the £low from the cvircuits described. Transfer teo the injector hydrogen
wanifold is made through 40 riser tubes connexting the shroud to the in-
jeetor. Disasssmblv during the development program is accomplished by
cutting the fuel risers, and reassembly is Jone by orbit welding or in-
ductirn brazing of 40 c¢onnections. The orbit weldexr has been succees—
fully empluyed on the J-2 engine for assembly of engine tubing. It is
«n aulomatic device which rotates a welding head around a tube joint

according to prvesei cundition to produce consistant welded joints,

{(€) The regeneratively cooled wall of the inner body is composed of 2120
asxemblies of 2:1 spliced tubes, e.g., 2120 tubes in the nozzle, to a

peant approximately 4.0 inches cownstream of the throat, each brazed as

a snbasnembly to two tubes in the combustor region, Tube-wall thickness
throughout the imner body is 0.012 inch. Nickel 200 was selected as the
basic tube material, operating at a waximum tempcrature of 14,0 F, Inconel
625 was selected as a long-range substitute, pending the accrual of brazing
and forwability data for this material. Substantial weight savings are

available through use of ilhe latter material.

(C) The outer body consists of 4400 tubee of 0,010~inch Nickel 200 mate-
rial. To achieve wall temperatures under 1520 F (based on 300 cycle life
requirement), the inner body was displaced 3/16-inch downstream, starting
at the beginning of the chamber convergence. This effectively moves the
sonic point on the outer body 3/1%-inch downstream. This change pcrmits
utilization of the maximum obtainable coclant curvature enhancement at
the high heat flux region of the throat (59 Btu/in.2—sec for a 1450 F

wall tewperature).

(U) Subsonic Struts. In addition to its function to space and struc-

turally tie ihe inner and vuter bodies, the subsonic strut serves as a
fluid passage to transfer the hydrogen propellant from the inner body to
the outer body, as a fluid passage for introducing ignition gases into

the chamber (or extracting tapoff gases from the chamber), and as & stabil-

izing influence to the combustion process.
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(C) Each of the 40 siruis extends from the injector face to ihe start of
convergence to the throat, approximately 4.5 inches. Located within the
cowbustion zone, the external surface of cach bafflec is exposed to com-
bustion gases and must be cooled. This is done regencratively, utilizing

ilic iransicr propellant mentioned previously.

(C) The exposed periphery of each sirut is composed of 0.25-inch OFHC
covper conlaining five coolanl passages, 0,150 inch in diamcter. The
copper plate is furnace brazed to a buffle body of Inconel which 1s suit-
ably compartmented to provide the differentinl pressure required to sus-
tain the regenerative-coclant flow through the copper surface plate.
Provision is made to "blced" hydrogen into the sirut bolt cavities to
provide coclant to surround the bolt. In the eventi of seal legkage au
the strut interface, coolant would fiow from the bolt cavity into the
cowbustion chamber, ensuring that cowbustion gases do not leak into the

bolt cavity.

(U) Installation of scats for subsonic struts om inner and outer iube-

wall bodics is accomplished after the bodies have been through their initial

braze cycle., With this techmique, the criticality of stack tolerances

and tube number and orientation in body fabrication is reduced. A pictorial

definition of the installation process is presented in Yig. 71, Step 1
shows the seats applied to inner and outer contours of a 3060-degree brazed
body assembly, Steps 2 and 3 indicate the electrical discharge machining
(EDd) processes for forming menifolds internally and step 4 installation

of the final secat by welding.
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TUBE WALL, FIRST BRAZE CYCLE

PLUG INSERYION TO
COMPLETE SEALS

Figure 71,

|

L
STEP |

APPLICATION OF STRUT SCALS TO
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/

o

MACHIN!NG OF STRUT SEAL
TO FORM MANIFOLDING
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Application, Machining, and Plug Insertion
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Installation of the strut seat by this technique prevents plugging of
tubes under the scat during the braze cycle.and enables pressure check

of the joint and recalloying.

(U) Hot-Gas Manifold. The tapoff manifolding provides the dual func-

tion of: (1) ducting hot gases from the hot-gas igniter to provide ignition
of the propellants within the thrust chamber, and {2) ducting hot gases from

the thrust chamber to provide power to the engine turbines.

(U) The tapoff manifold consists of a large torus collection manifold and

40 riser tubes. The collection manifold is made from a tube 1.88 inches

in diamweler und roiled into a torous 79.25 inches in diameter. It is mounted

inboard of the inner body just above the centerline of the throat. The 40
risers, each 0.026 inch in diameter, meunt the torus to the inner bedy.
The risers are fabricated with muliiple bends to provide the flexibility
necessary whern the manifold system undergoes dimensional changes due to
temperature extremes. The torus and the risers are lined with a thin
sheet that is held from the outer walls by a uwesh of stainless steel, pro-
viding the insulation necessary to keep ignition gases hot and structural

materials cool emough to function with integritiy.

(U) Each riser is connected to a pass-through pipe that lines up with
the hot-gas tapoff lhole in each baffle seat, This tapoff hele, in turn,

lines up with the hot-gas entrance ports in each subsonic strut.

(U) For ignition, the hot gases from the hotl-gas igniter are ducted te

and through the wanifold, up the risers, through the strut seat, through
the strut hot-gas passages, and are injected into each compartment of the
combustor. For tapoff, the flow is reversed and the‘hot gases are taken

from the chamber and ducted through the system to the turbines,
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Combustor and Nozzle Analysis.

(U) Combustor Configuration Selection. The performance and heat

transfer characterisiics of the thrust chamber are determined by the shape
and contour of the various portions of the assewbly. During the contract
:ful to the Uirust chamber design were gencinied through
this pregram and complementary pregrams conducted in parallel. Analytical
studies, cold-flow testu, and not-firing tests were cenducted to optimize
combus tor shape, throat flow angle, sbroud lenglb, agnd nozzle contour-,

The results of this work have been integrated into the dewonstirator thrust

chamber design,

(C) sSelection of the cowbustor shape is based on the requirements of high
combustion efficiency and low heating lcads while waintaining low weight.
The sclected chamber geometry is 2 inches wide at the injector and hes a
6-iuch length from injcctor face to throat. The chamber walls are parallel
down to a point appreximately 4.5 inchea downstream of the injectlor face,
and then converge at a 40-degree angle. This parallel wall design {evolved)
from the previously pruposed curved wall design &s a result of 2.5K scgment
tests on several different combustor shapes) offers reduced weight and
improved structural characteristics. It also results in a smaller com~
bustor cross section and allaws the exit throet to be moved outboard

nearer the 100-inch diemeter, This change results in increased performance
associated with an increased area ratio and simplifies combustion chamber
construction. In addition, subsonic struts are much easier to incerporate
into this configuration. This cowbustor haes a characteristic length (L*)

of approximately 40 inches, which is sufficient for achieving high coum-
bustion efficiency. The throat radius of curvature of the outer body ie
0.7 inch while that of the inner body is 0.51 inch, which, in conjunction ;
with the 40-degree throat couvergence angle, provides beneficial coolant- !

side curvature enhanceument.

1
i

() Extensive water-cooled segment testing of this configuration in Task II
yielded parametric perfurmance and heat transfer data, and combustion effi- I

ciences of >99 percent were demonstrated. Heat transfer tests on carved
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tubes have also shown good corclation with the predicted curvatlurc.
Phase I tcsting expericnce (combusior shape, heat fiux, enhancement)
has dcmonstrated that measured throat hcating rates and total heat inputs

can be handled by recgenerative cooling, using conventional tube materials.

FEPTRY . - ~ n - ) q 13 » . (R o P Y
(U} nNozzie Contour Sciection. Tiie shroud aund nozzle contour used

on the proposed Aerospike FEngine employs a double-expansion shroud con-
figuration coupled with n modified ideal spike inmer-body coutour. This
type of design (Fig. 72 ) was developed as a means of obtaining all Aero-
spike performance advantages while maintaining design flexibility. Of
particula:r advantage is the ability to orient the throat at any desired
angle, as distinguished from the unshrouded spike nozzle for which the

throat angle is a function of area ratio. Therefore, at high area ratios,

. the unshrouded spike nozzle throat angle would be approximately radial

ags opposed to the more desirable axial poesition.

(C) The contour design analysis was based upon chemical equilibrium ex-
pansion of oxygen/nydrogen products of cowbustion, and the nozzle area
ratio defined by the engine diameter limit of 100 inches, and the required
thrust of 250K, The mean flow angle and radius of curvature (r) at the
nozzle throat were selected based on an attempt to minimize shroud length,
ard simultuneousiy minimize the difference between the angle of flow at the
injector and at the throat, and provic¢ - ad:quate curvature on the inner wall
to enhance regenerative cooling at the throat. A throat flow angle of 4.5
degrees and a radius of curvature of 0.510 inch was found tc be the best

cowpromise Letween the three considerations,
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{(U) The design procedure consists of starting with an ideal spike exit
flow field and computing the unshrouded nozzle contour required to give
this flow field. The regulations of the flow field are solved by the
method of.chnructeristics. The mean flow angle selected for the geometric
throat, (6*), established three critical pointe in the nozzle design:

(1) the point on the inner wall at which the ideal spike contour will end,
(2) a corresponding point on the shroud exit, and (3) the point of tan-

gency to the throst curvature,

(U) The inmer body wall contour is then completed by joiming the ideal
spike contour and the throat with a straight line tangent to the ideal con-
tour at point (1). The shroud contour is completed by using the nozzlec
design procedure beginning with the known flow field between (1) and (3). )

(U) The nozzle thus developed has aercdynamic performance identical to
that of the truncated ideal spike nozzle, since the modification leaves

the exit flow undisturbed.

(U} During the nozzle selection study, the possibility of reducing the
shroud length was examined as a means of reducing weight, cooling load,

and friction lossz on the outer wall, Theoretical calculations and cold-
flow wmodel tests showed that negligible changes in base pressure, geometric
performance, and kinetic performance occurred for high pressure ratios
when the nozzle shroud wass truncated to half the original lengih. However,
at low pressure ratios, theoretical flow field calculations indiceted that
the truncated shrouds would produce a recompresaion shock of sufficient
strength to exceed th: conling capacity of the inner-wall tubes during

throttlel sea level runs,

(U) A comparison of wall pressure profiles for a short and long shroud
is presented in Fig. 73 for low pressure ratio (Pc/Pa) conditione, The
wall pregssure profiles for the long shroud configuration aire the result

of isentropic recompression, while the short-shroud wall pressure profiles
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Figure 73. Sea Level Inner Body Well Pressure Profile
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are ihe result of the impingemeni of obliguc shocks on the novzzle wall.
A sufficiently strong shock can result in local separation and reattach-

wment of the boundary layer., The Mager criterion has indicated that

acparation could occur for the short-shroud configuration, bat the long-
shroud configuratien will mnot sepsrate,
(U) A cold-flow test series was conducted to measure the recompression ;

wall preasure profiles for the full-length, shkroud, and to verify the
calculated results., The model employed in this test series was a two-
dimensional quarter-scale segment of the 250K thrust chamber. Good
agreement was obtained between computed and measurcd pressure proiiles
for the cold-flow model, as shown in Fig, 74. The full-length shroud
configuration was selected for the demonstrator thrust chamber to mini-

mize the heat fluxes on the pozzle wall during sea level operation.

{U) Structural Analysis. The thrust chamber structure resists

the pr.ssure loads and trapswmits the resultant useful thrust to the
thrust structure. The sea level and altitude gas pressure disiribution

on the nozzle structure is shown in Fig. 75. Because of the rapid de-
crease in pressure downetream of the throat, it is only mnecessary to
support the nozzle tube bundle uniformly for a short disténce. Beyond
this point, the nozzle tube bundle is adequately supported by intermit-
tently spaced compression rings. The radially inward component of the
nozzle pressure disiribution is transmitted as a compressive load to l
the rings by the tube wall. The thrust gcneraled by the nozzle pressure

axial component is carried by axial compression in the tube bundle.

(U) The compression ring spacing is determined by consideration of the

stresses imposed by bending of the tubes, the compression {rom thrust
loading, and tension duc to the tube internal coolant pressure. The
crogs scctions of the rings are governed by the moment of inertia re- !

quired to resist buckling and ring bending.
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Figure 75. Sea Level and Altitude Nozzle Pressure Profile
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(U) The thrust in the tube bundle and the thrust from the combuetion
chamber throat are transmitted to the thrusl structure through 40 struc-
tural members. Because these 40 attach point: cannot be located in the
plane of the resultant thrusi, and hecause they are not reacting the thrust
uniformly, bending moments, twisting mowments, and shear forces are devel -
oped at the combustion chamber. The combustion chamber structure reacts

these in addition to the chember pressure (Fig. 76).

(C) The aonular combustion zone was analyzed for a chamber pressure of
1530 peia, a nominal thrust of 250K, a maximum gimbal acceleration rate

of 30 rad/aec2, and longitudinal and lateral accelerations as outlined in
Table 9 . The main loads are carried by the titanium combustor bodies
~and the Inconel baffies, The combustor body structure is ot open web de-
sign to facilitate fabrication, and the pressure is comtained by the outer
and inner bodies through beam sctioun between the baffles. The outer and
inner combustor bodies are tied together by two Inconel 718 bolts in each
baffle with a total of 40 baffles located every 9 degrees around the cir-
cumference of the annular thrust chamber. The injector is used to con-

tain the pressure in the forward direction.

(CY The selection of titanium for the backup structure precludes a brazed
asseubly., For this reason, a study was conducted to select the optimum
adhesive for attaching the structure to the brazed tube bundle. The operaf-
ing regime of the thrust chamber dictates that the adhesive must be capable
of withstanding thermal cycling from chilldown to throttiling temperatures
and must also have insulating capability to keep the temperature of the
lightweight structure within reasonable limits. Adhesive strength proper-
ties are not required below the outer-body throat, since two mechanical
joints support the tubes in this region. Among the important requirements

for the adhesive were:

1. Retention of suitable streﬁgth from tube temperatures to 600 F,
Below the outer body {where the temperature exceeds 600 F at
throttled sea icvel operation), the adhesive has no strengih

requirement and need act as an insulation barrier only.
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Figure 76. Combustor Dody Loads Due to Thrust and Pressure
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2. Ability to withstand up to 300 thermal shock cycles over thc same

temperature extremes
3. Excellent bond development to nickel, aluminum, and titanium

4. Workability characteristics consistent with thrust chamber fab-
rication, i.e., long pot life to permit asscmbly and bonding

pressure requirements of less than 100 psi

(C) Mechanical property tests of bonded joints for butt tension, lap
shear, and peel were initiated at temperatures from -300 to 650 F, after
50, 150, and 300 cycles. Several waterials were utilized as the base

structure for comparative results,

(U) The end results of the test program indicated that although certain
adhesives displayed good performance within certain temperature ranges and
under specific conditicvns, only one consistently met the requirements as

set forth earlier in the program. American Cyanamid's HT 424 Epoxy Phenolic
film on a glass fabric carrier exhibited the best all-around characteristics
of all adhesives tested. Room temperature and cryogenic lap shear values
were both moderately high, while 600 F strengths were slightly lower

(Fig. 77). Most other adhesives tested were high at one temperature range

aqd low at others,

(1) The epoxy phenolic bond showed only slight degradation due to cryo-

eline and o 170 Lo ool
A Largy, MHU U A/ @TUVWL OVAD

.
genic cyc 1600 T

before tesiing. I can be
stated that the strength levels of the IJT 424 will be satisfactory even

after repeated thermal shock cycling in the thrust chamber.

(C) The change in throat area during operation is a function of the
chamber pressure, the rigidity of the chamber structure, and the tempera-
ture. Analysis indicates that the maximum change in throat area is 9,25

percent. Tests conducted on similar chamber structures showed ex-:llent
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e O

change in throat gap is repoatable and has the desirable attribute of

correlation between test and analytical predictions (Fig. 78 ).

increasing performance at throttled levels because the throat gap closcs

and the nozzle arca ratio incrcases.

v -
| g-—T—sumsonic s1auT

T
§ D7 mwulc
t V—] .00
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3
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h »
“
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PERCENT THROAT ANEA CHAMCE

MAXINUN THAOAT DEFLECTION X 157 mcwEs
4 3

Figure 78. Throat Deflections for Center Compartment at Several
Chamber Pressures

(U) Tube Material Selection. With the targeted engine life goals

in mind, an effort was made to obtain an indication of the life capability

of many thrust chamber tube materials, Special consideration was given to i
thosc materials that had received usage in production thrust chawbers, and |
also those materials that had received some thrust chamber usage and were
of high thermai conductiviiy. The latter requirements were very desirable

because of the high peak heat flax at the throat of the thrust chamber.

(C) A recently developed tube-wall, plastic strain analysis was used in
conjunciion with a heat transfer analysis to predict the cyclic plastic ;
atrain incurred in wmany candidate tube materials operating &s throat tubies
during en ambient to 1500-psia chawber pressure start sequence. This

analysis and experimental verification is discussed under Task 1I, Thrusi (“ﬁ i

Chamber Cooling Investigation. !
188 |
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(C) The waterials evaluation effort described abeve, in conjunction with
Rocke’dyne's previous aund concurrently generated fabrication and cost
experience, led 1o the selection of Nickel 200 as the tube material for

immediate and long-range application to the Aerospike Engine.

(c) Recent and past experience at Rocketdyne has shown that Nickel 200
tubing has excellent tube-tapering and forming properiies in the sizes
required for the Demonstrator Module thrust chamrber. Nickel 200 oxides

are easily reduced in a dry hydrogen atmosphere, affording excellent alloy
flow during furnace brazing. Receni laberatory tests have shown the rigid-
1ty of Nickel 200 tubes at 2000 F to be more than adequate, permitiing

the us: of efficient pressure bag teoling for dimensional contrel during
the furnace brazing precess. A full-scale Nickel 200 chamber has been
successfully furnace brazed for the SDI program with the same tooling used

to braze the stainless-steel, tube-wall thrust chamber,

(C) A series of cipht tests, from chamber pressures of 310 to 2050 psia,
were also conducted with & 2.5 nickel tube-wall segment to extend available
infermation on the regenerative-cooling capabilities of mickel tubular

designs.

(V) Tube Design., Figure 67 shows the tube profile for the imner-
and cuter-body tubes, The cross-sectional areas were estsblished frow
the heat transfer aralysis to provide adequate cooling and life with a

minisum pressure loss.

(C) The tube splice was studied in a heat tranefer /p-easure drep/hydrauiic
stress iradeoff analysis. The tube upstream of the splice is designed to

a mixture rctio of 6:1 al a 1500-peis chamber pressure, which will produce
slightly reduced wall temperatures at MH = 7:1. The tube below the splice
is designed to operste . a 300-psia chamber pressure nnd a mixture ratio
of 7:1 at sea level coanditions, this being the most stringeni condition for
this part of the inmer bedy. This results frow the recompression vwhich

occurs at sea level in conjunction with the low coolant flowrates.
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(U) Heat Transfer Analysis. The thrust chamber design i

8
er data developed durin
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&
other related programs, Study suppert effort has been provided for the
arecas of both gas-side and coolani-side detailed heal transfer measure-
ments and in the definition ¢of thc wall material requirements to provide %
iong life and low wall temperatures. The life aspects were descrihbed in :
detail in the Tube Material Selection section, and the following discus-

!

) |

sions treat the aspects of heat transfer and wall thermal conduction. i
|

{(C) Heat Input Definition. Detailed heat tranafer measurements at

axial wall statior Jocations have been provided by highly instrumented

water-cooled segment testing during this program énd related programs. ;1&

Data were developed by calorimetric measurement of water temperature risee

for a range in chamber pressure of 150 to 1580 psia and a mixture ratio

range of 3.31 tn §9.71 in 170 tests. ; }i
i

(C) Data of the axial heat flux distribution vs length are shown in
Fig. 79 for & nominal MR = €:0. The nearly proportional increase of
local heatv flux with chamber pressure is shown., Isolation of the peak

heat fluz to & local regiom in the throat vicinity is alse illustrated.

(C) Experimental beat flux data (Fig. 80) defined a slcpe of 0.8 with

chamber pressure, which confirms that a turbulent boundary layer exists

2 st 21 1 - "o . - . FEEY vaw R
11i LUE vUFOAL Freiiovil. 1118 resulvs 1n dn excelient varo.viilng capaplii vy

over the planned 5:1 renge because of the nearly lianver reduclion of heat
flux with chamher pressure, Throat heet ilux is shewn to vary from

58 Btu/in,Q—eec at a 1500-psia chumber pressurc to 15 Btu/in.2¥sec at

the 300-psia throttled condition. A mixture ratio of 6:0 is shown to
result in the peak heat flux input to the ihxust chamber wall surface

ae predicted by experimental and theoretical predictions, shown in

Fig, 81. At mixture ratio values below and above 6:1, the combustion

)
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gas enthalpy decreases with an attendant related decreasc in heat iransport
enthalpy from the combustion gas to the chamber wall surface., Consequently,
off-design operation at the low mixture ratio side poses no problems due

to rapidly decreasing wall temperatures. Operation at a high mixture

ratio (MR = 7.0) will theoretically result in a nearly constant wall
temperature because the decrease in heat flux and boundary layer re-
sistance is approximateiy proportional to the decrease in fuel flowrate.
variation of theoretical relative coolant mass velocity and flow areas

required are shown in Fig. 82.

(U) Confirmation of the water-cooled testing integrated heat input value
for the combustion zone and throat region has been provided by the tube-
wall segment tests of Task II, The excellent agreement with the heat
inprt data for both the hydrogen-cooled copper and nickel tube-wall
chambers is illustrated in Fig. 83, The anticipated slightly higher
heat input values shown for the copper tube-wall segment are due to the
lower'wall temperatures provided by a higher wall thermal conductivivy.
Approximately 60 percent of the total heat input profile (excluding the
nozzle regien, including the highest heat flux regions of the combustor

and throat) has been verified during this program.

(U) Coolant Heat Absorption. Detailed analysis and experimental

study of the influences of tube internal surface roughness and throat
region tube curvature on the erhancement of the hydrogeu-cooling capability
were carried on during the program, Substantial improvements in the
hydrogen-cooling capability (Nusselt number), expressed in the equation

below

0.
Ny, = 0.025 (Npg ) ® (N, )0- ('IB,T y0-35

B B B b @

@DR][FHDE(KJTTUQE

(This page is Unclassified)

)

()




[ o 2 X T o

r‘-

Figure 80.

CONFIDENTIAL

1.0

o 't
:3 ES_ 1.0
§ &
[+ 4
Y& os
'—
<8
i W )
x> 0 @@mwrg){smvumm
.8
45 80 5.5 60 6.5
ENGINE MIXTURE RATIO
1.1 T
<t |
(Y]
%
ic 1.08
Lo
= /
-
> \
O
© oo S N
w [ RELY;
>
=
<
& BOMEIDENTIAL
0.95 1
45 80 LX) 6.0 - Y.}

Arca Requirenents OO/HO

ENGINE MIXTURE RATIO

10

Effect of Mixture Ratio on Cooiant Mass Velocity and Flow
, 1500 P , Constant Combustion Gas

Flowrate 0.008 XInch“347 CRES Tufe, Tog 160G F

195

GONFIDENTIAL




2000
1800
1600

1400
1200

1000
800

600

HEAT TRANSFER RATE, BTU/SEC

4oo

200

Figure B3.

GONFIDENTIAL

|
LEGEND
O COPPER SEGMENT
O NICKEL SEGMENT
A WATER-COOLED SOLID WALL
BONFIDENTIAL
300 500 1000 1500 2000 3000
CHAMBER PRESSURE, PSIA
Contoured Tube Overall Heat Input Characleristics

BRI

GONFIDENTIAL

()




BT e e

GONFIDENTIAL

are provided by the curvature and roughness factors ¢L and ¥, Figure
84 illustrates the variation in curvature enhancement predicted with
tube turn L/D. lmprovements of 40 to 50 percent over the noncurved tube
case are noted for the outer- and inner-body design, respcctively.
Figure 85 illustirates the improvement factor, we’ predicted for the
proposed tube internal surface roughness and coolant mass velocity.

With the natural tube manufecturing roughness and the tube-~tapering and
forming effects of fabrication, a considerable enhancement factor is

predicted.

(U) Experimcntal values of the inner- and outer-body tube combined
roughness and curvature factors (¢%¢£) were determined in Task II, Thrust
Chamber Cooling Investigation. At the throat locations indicated for

the inner and outer body, combined factor experimental values of 3.0

and 2.5 are found. These are somewhat higher than the respective values
of 2.0 and 1.85 which were predicted early in this effort. However,

the lower predicted values have been used for the Demonstrator Module
design, thercby providing an added design margin. Curvature enhance-
ment effects on the wall temperature for the inner and outer body of

the demonstirator are shown in Fig. 86. A reduction in wall temperature

of over 300 F as a result of the curvature enhencement is shown.

(U) Wall Thermal Conduciion. Selection of Nickel 200 as a tube-

wall material for the Demonstrater Engine was based partly upon long-
life characteristics discussed in the Tube Material Selection section
of this report. However, from a heat transfer standpeint, the allow-
able wall temperature of 1520 F, combined with the excellent thermal

conduction (2.5 times that of 347 CRES), is very advantageous in main-
taining coolant velocity conditions below & Mach number of 0.5 to pre-

vent coolaut-flow choking.
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(U) The theoretical predictions for the gas—-side heat flux and the cor-
responding coolant-side film ceefficient relationshipa for the analysia of

the demonstrator design conditions are discussed presently,

(U) Heat Transfer Design Conditions. The thrust chomber tube geom-

etry has been optimized on the basis of the most currxent heat transfer

data, both analytical and experimental, obiained during the program. All
anolytical correlations have been checked againet the test data, and this
infoymatioun has been used to make refinements in lhe cooling system to

achieve a minimum coolant pressure loss.

{C) The combustion zone tube geometry has been optimized at the maximum
heat flux condition {MR = 6) for the 250K Demonstrator Module. The pro—
cedure used involves achieving & wall thickness and tube flow area that
yields a maximum wal! temperature that is consistent with life cycle re-
quircments and is capable of withstanding the internal pressure stresses.
The wminimum tube flow area ¢ccurs at the threat and must be designed for
a 1500-psia chamber pressure and a mixture ratio of 6.0. The nozzle tube
geometry designed for the nominal chawber conditions must be modified to
accept heat flux levels predicied for sca level operation at throttled
conditions. Because of recompression effects at sea level, the maximum
heat flux on the nozzle is nearly independeni of chamber presaure with the
location of the peak heat flux shifted toward the throat as chamber pres-
pure is decreascd. Since the impingement point shifts with chawber pres-
sure, the maximum design condition for each chamber pressure must be in-

corperated into the tube deszign at all axial locations.

{C) 1lnner-gody Tubes. The design of the inner body must be divided

into two parte. The portion of the inner body dewnstream of the shroud

exit is to be designed to meet sea level operation over the full range of

20
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chamber pressure (principally between 300 and 600-psis Pc) at MR = 7.0,

The throat and combustion zone are designed {or 1500-psia Pc’ MR = 6.

(C) The inner-body design paramcters are shown in Fig. 87 through 89 .,

The heat flux profiles for both ioner snd outer bodies are shown in Fig.

87. The peak heat flux at the throat is 58 Btu/iu.z_sec, based on 1500-
paia PC, MR = 6,0, 100-percent 7 X The heat flux profile Letween the
irjector and thrcat is based cv 2.5K solid-wall date and has beeu verified
in terms of overall heat load by the 2.5K copper aad nickel tube-wall test
data shown previously. Theoretical ﬁozzle heat fluxes, based on aercdynamic
analysis, are about the same at nowminal c¢onditions and throttled seu level
conditions, making the latter a more severe cooling prublem because of

less coolant flow at lower chamber pressure.

(C) Figure 88 shows the nozzle contour, the hydrogen bulk temperature
profile at 1500-psia Pc (HR = 6), and the gas-side wall temperature pro-
files at sea level and vacuum, About G0 percent of the bulk-temperature
rise is seenr to occur between the injector and shroud exit plane when

operating at 1500-psia Pc vacuum.

(C) Under vacuum conditions, the maximum wall temperature occurs in the
throat, where the design temperature is 1450 F. The combustion zone is
designed for a 1250 F wall temperature. It is seei. that the throttled
condition in a vacuum results in lower wall temperatures than the neminal
1500-psia chamber pressure condition. However, at sea level, the nozzle
wall temperatures approach 1450 F, based on the curreni theoretical analysis
vf the recompression strengths and locations, and the resvlting heat fluxes.
The wall temperature peaks match the heat flux peaks in Fig. 87, which, in
turn, lipne up with recompression zones at a chamber pressure of 300 psia.
The first and strongest recompression is seen to occur within 4 inches of

the shroud exit plane at a 300-psia chamber pressure,
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(C) The coolant mass velocity profile is shown in Fig. 89 for the nominal
operating condition. The mass velocity peak value of 12.3 lb/in.2—scc
occurs in the throat and is based on 1500 chember pressure operation with

a ceolant curvature enhancement of 1.9 at the turout,

(U) The coolant totm]l pressure profile is also shown ir
is about a 50-psi loss in the first 15 inches of tube. The principsal
pressure drop occurs in the throat (about 150 psi) with about 60 psi in

the straight section of the combustion zone.

(C) As indicated earlier, higher heat fluxes occur at sea level because
of recompression regions on the spike. While this results in higher wall
temperatures, it also results in higher hydrogen bulk temperaturee.

Figure 90. shows the cooclant bulk temperature profile for a chamber pres-
sure of 300 and mixture ratio of 7 under vacuum and sea level condition:.
The inner body tube exit temperature is predicted to be 375 R (Fig. &8)

in vacuum at nominal conditicns., This iucreases to about 520 R and 300 R
at a chamber pressure of 300 psia for vacuum and seal level operation,
respectively. This increase in hydrogen temperature will affect inner

and outer body wall temperatures and presaure drops, as well as injector
pressure drop. The difference in bulk temperature between vacuum and

sea level operations becomes less at lower mixture ratios and high chamber
pressures because of: (1) more coolant flow, (2) peak nozzle region heat
flux is nearly independent of chamber pressure, and (3) less of the nozzle

is affected by recompression zones.

(') Outer-Body Tubes. Seca level operation shculd not affect the heat

fiux profile for the outer body (Fig. 87) except at the very shroud exit
for the required engine throttling range. The outer body operating condi-

tions are shown in Fig. 91 and 92.
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(C) The combustion chamber gas wall temperature profile shown in Fig. 91
is similar to that for the inner body upstrcam of the throat, with a design
value of 1250 F. However, the maximum coolanlt mass velocity in Fig. 92 is
limited on the outer body by choling considerations. A mass velocily of
10.5 1b/in.2-scc was chosen which provides a peek coolant Mack number of
0.50 for a coolant throai bulk temperaturc of 520 I (Fig. 91) and tube

exit pressurce of approximately 1800 psi. Based on this mass velocity,

the throat wall tcmpersiure is approximately 1520 F, assuming a curvature
enhancement of 1.4 for the shified throal design. This curvature vulue

is based on the ratio of film coefficienis between the outside and inside

of the curve as mecaswred in heated tube lests discussed previously.

(U) The pressure drop shown in Fig. 92 is somewhat higher for the outer
body than the inner body because of the slower expansion, higher hydrogen

bulk temperature, and lower coolant pressure.

(C) The hydrogen temperature at the injector is shown in Fig. 93 as a
function of chamber pressure and wixture ratio. For a mixture ratio of
6.0, the injection temperature is approximately 600 R at full thrust
and 790 R at 300 Pc for vacuum operation. At sea level, the tewperature
becomes 1105 R for MH = 6.0 and 1250 R for Mit = 7.0 at 300 Pc' The bulk
temperature of the hydrogen at Pc = 300 peia and MR's = 5, 6, and 7 is
shown in Fig. 9%,

(C) Subsonic Struts. Because the subsonic struts are made of coppyr,

the maximum gas wall temperature is limited Lo 1000 F. The heat flux in
this region of the chamber is quite lew (23 Btu/in.2 and there is therefore
ne difficulty in cooling the silruts with only 25 percent oi the hydroegen
flow. The selected orientation for the bafflc cooling passcges is parallel
to the flow of hot gases, which results in a cooiing pressure drop of 104

psi including frictional, rounded ent.ance, and exii losses. The iulet
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bulk temperature for the design condition (Pc = 1500, M = 6) is 300 R

with a temperature rise through the strut circuit of 155 R.

(M
\v;) i
intercepting the flow from the inncr body tubes and passing through the
strul seat transfcr passages. The data shown in Fig. 95 and 96 were

used to determine the pressure losses through the seat and to size the

tranafer passage areas.

(U} Combustor ané Nezzle Alternatives Studied. Tradeoff studie: were

conducted to selecl the support structuwre matecial, the support structure
assembly technique, the cooling circuit desigi , and the possible incorpora-
tion of a2 tube splice in the inner body nezzle. These are discussed in

the following paragraphs.

(U) Support Structure Material. The chamber wall structure hes been

defined as titanium allcy (6A(-4V). Nickel coolunt tubes will he brazed
to a thin nickel backup member (either bands or a complete sheet), which,
in turn, will be epoxy-bonded to the titanium estructural wxll. In addi-
tion, the charber walls wili be linled together Ly boltirg through the

40 chamber baffles, This structural tic will maintain tue throat gap
within acceptable Timits during firing, and will result in a significantly

lower chamber weight over an unlinked design.

(V) fThis design approach resulted from a parallel and competitive design
study which compercd a conventional Incomel 718 structure (Fig. 97 ),

and wore advanced structural concepts of honeycomb (Fig. 98 )}, and press
difi.sion-bonded titanivm (Fig. 99) with the selected cenfiguration
(Fig. 67, page 163). The criteria for sclecticn in this design study
were weight, wanufocture and cssembly, cost, and experience. The con~
clusions ave presented in Table 25. The more advanced honeycomb and

diffusion-bonded titenium designe will require develozmeni of the specific

2.3
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( | fabricatlion method, which would require more time .han avajlable for
- the demonstrator module. They were, therefore, climinated for the
demonstrator and 20K scgment. They do point out the potentirl of ad-

voanced fabrication techniques for the Flighi Module,

{ (U) Titonium was selected for the chamber wall structure because of its
exiremely hiigh sirengibh-to—weight ratis. A weight saviag of approxin
200 pounds car be rcalized with titanium over an INCO 718 configuration.
Fabrication o¢f the titanium wall will be achieved by machining a ring
forging to the configuration reguired to yieid the highest strength-to- .
weight design, This method was selected over a machined and welded assem—

bly becausc it can be desigred to higher stress levels because of the
ebsence of welding.

: (C) ™ABLE 25

DESIGN COMPARISON STUDY

}Chamber Manufacture and
. Decign Weight Experience Asgembly Cost
s
! Machined 990 State—of-the-Art | Difficult to machine | Koderate
' INCG 718
i Machined 756 -|Semiadvanced New sssembly tech- Moderate
E Titenium niques required for
% epoxy essembly
Titaniws 65¢  {Advanced Difficult to machine | High
E Honeycomb and assembly
) Diffusion~| 600 Advanced Fxtremely difficull |High
: Donded . | Lo assemble
i Honeye b

(U) Asasewmbly Techniques. An assembly concept using 36(-degree con-

tinuous titanium structure for inner and outer bodies ond segmented tube
seclions wus compared to the chozen 360-~degree brazed tube bundle and

segmented titenium structure., The former combinetion made wandatory breze
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L) !

aud weld operations sfter adhesive application and magnified segment tol-
erance and fit-ap problems. Until technolegy in these areas is advanced,
the adoption of the potentially lower—cosl, segmented-tube hnndle concept
will be deferred.

(U) Mechanicai joining of segumenis has been substituted fow

s
<
:Il

beam welding which had been considered earlier. This was done deapite a
potential weight increase, hecause of manufacturing and processing prob-
lems defined in a more detailed investigation. Among these are dimensional i
control of the segment fit to ensure & satisfactory joint pesetration con-
trol of the electron beam to preclude edhesive and tube damage, and control
of the welding atmosphere iv the presence of adhesive tc ensure a sound
joint, The mechanical joint contemplated employs tensile holts between

the titanium segment flanges and line-drilled shear pins for alignment

and shear—carrying capability.

(U) Twe concepts (Pig. 100) werc studied for the structural tie between ()
the inmner and outer bodies. The first was the selected tie through the -
chamber taffles, while the second was to employ separate structural ties

in the submonic portion of the combuator immediately upstream of the threat

(Fig. 100a). Chamber stability baffles would still be required with this

design.

(C) The initial results of this study indicated that B0 subsonic ties
together with 40 stability baffles would yield the lightest-weighu chamber
ggsembly  Detailed demign and snalysis revealed that with 80 preloaded
ties, the predicted weight increased, while the amount of chamber blockage
increased the heat flux on this tie from approximately 15 Btu/in.2—aec

to 28 Btu/in.g—nec, and therefore increased the coolant pressure drop
required to cool the tie. Furthermore, with both a subsonic tie and a
stabiliiy baifle %o cool, the hydrogen coclant circuit become undesirably
complex. For these reaeons, the 80 separate structural tie design vas

sbandoned in favor of using Lolts through the 40 baffles.
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(U) Coolant Circuit Alternatives., GSevevel diffevent cooling cirenit

designs were studied before the final series cirveait wa. selecled, The

two in tiel candidates were u separate baffle cooled with the flow inter--
remainder of the inmer body tube {lowrate
crossing over to the outer body through the injector (Vig.10XA)and an
integral baffle cooled by all of the fuel collected in & menifold ir tho
injector (Fig. 101A). These lwo designs are shown together with the finsl
design in Fig. 101B). The final design incorporates a separate baffle with
&1l of the flow cyoassing over from the inner body to the ocuter body through
the baffle and using a portion of this flow to cool the baffle, The cir—~
cuit AP'm shown in Fig. 101 represent the increase in cooling circuit

preasure loss over a reference circuit which has no baffles. The selected

circuit combines the most desirable featuree of the two configurations shown.

In this design, both the pressure drop and bulk temperature rise of the
separate flow paths have been balanced before they are combined in cooling
of the outer wall immediately upstream of the throat. Furthermore, the
baffle is separated from the injector assembly, which ensures easier in-
stallation of the injector on the chamber wvall a ambly, and the injector

is smalle because it doee not have to provide room for crossover passages.

(U) Tube Splice. Two configuratiens were considered for ihe inner
tube wall: 4240 single tubes extending from injector end to the exit, and
4240 single tubes in the combustor to a point approximately 4.0 inches
downstream of the throat, which are then spliced (two to one) to 2120 tubes
extending to the exit. Both configurations were evaluated witlh respect to

pressure drop, fabricability, weight, and cost with ihe following results.

(C) The use of single tubeas extending the full length of the inner chamber
wall imposes a pressure drop penalty of 100 psi over the spliced configura-
tion. In addition, the "splice" subassembly affords & weight reduction of
approximately 50 pounds. These advaniages are tempered, however, by added
fabrication and tooling costs recquired to braze and flow check the three-
piece subassembly in addition to each individual mection. The 2:1 splice
joint configuration shown in Fig. 67 and located approximately 4.0 inches
below the throat planc was selected for the inner wall of the Demonstrator
Module thrust chamber based on pressure drop and weight factors.
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(U) Injector Demign Description. The injector torms the forward closure

of the combustion chamber and is an assembly of copper-orifice strips,

LO2 and GH2 proj :1lunt manifolding, and a structural body (Fig. 67 ).

(1) The injector is designed to resist thermal contraction loads by
piloting on the upper seal rings of inner and outer bodies. Internal
preasure-separating loads are carried through ihe attaching bulis Lo tie
inner and outer bodies. External louds induced by differential thrust

are taken through the subsonic struts, and thus do not affect the injector.
Several configurations were comsidered for the Demonstrator Module injecior,
all of which were based on the A4Q-compariment combustor and the orifice
strip design demonstrated during Task 1I testing. The design aspects of

the selecied injector are shown in Table 260,
() TaBLE 26

INJECTOR DESIGN PARAMETERS

Mean Jnjector Diameter, inclies 43.0

Injector Face Width, inches 2.0

Number Injector Compariments L0

Number Strips Per Compariment 6

Total Number Injcctor Strips 240

Diameter, Yuel Orifices, inch 0.985
Diamcter, Oxidizer Orificea, iach 0.040

lgf?jection Pattern Triplet, two oxidizecr

(C) The injector face is divided into 40 compartwenis, 2 inches wide by

7 inches long, physically separated by structural subsenic siruts when
assembled to the thrust chember. Eech compartment thus formed is composed
of s8ix copper strips (which contuin hath L02 and [H2 injection orifices)
extending radially across the width of the cowbustor compariment. Figure

102 is a detail drawing of the Demcnstrator Engine Injector Assembly.
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Figure 102A. 250K Demonstrator Engine Injector Assembly
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(C) The injector face pattern is similar to those used in Phuse I. Each
strip contains eight triplet patterns (two oiidizers on one fuel), Lﬂé
is injected through the center of each orifice s.rip from the apex of

the "steeples.”" Two LO2 orifices in the flat surface on either side
direct oxidizer which impinges with LHé streams 0.160 inch downstream of
the "steeple.”" The triplet pattern formed utilizes the injected hydro-

gen to atomize the L0, strcams through shear action (momentum exchange).

2
The raised "steeple” prevents injector face burning by reducing hot-gas
recirculation against the face. The "baffle” effect foirmed by this

geometry is also an aid in stabilizing combustion.

(U) Electrical discharge machined flow passages in the injectcr body
connect the fuel and oxidizer manifolds directly to the orifice strips.
Entrance to the LO2 toroidal manifold is made through twe tangential
inlets to ensure good distribution under all operating conditions. The
smaller LH2 toroidal manifold is fed by 40 "riser" tubes bringing flow
from the outer body exit manifold. The LO, toroidal manifold is fabri-

2
cated from INCO 718 shells welded to the central body.

(U) Fuel transfer holes are provided in the central body through which
jacket coolant flows from the inner hody to the outer body. These pas-
sages are located over each strut betwcen-compartments. A small deflector

on the outboard side aids in curbing the flow vith minimum turbulence.

(U) Provision is made on the injector body in a manner similar to that
used on Task II hardware for installaiion of instrumentation in critical
locations. Oxidizer manifolding will contain bosses for installation of
such ingtrumentation to record inlet pressures and temperatures and gra-
dients from inlets to the remotest distribution point. Provision for
recording chamber pressure in several compartments is made through a
hydrogen strip by means of 0.125 diameter pressure probes, secured to the
body exterior. The probes are inserted through the body, an H2 electrical
discharge-machined (EDM) feed slot, and through the strip, and then are

sealed against external leakage.
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(U) Injector Assembly Analysis. An experimeutal study was conducted

(using 2.5K toroidal combustion chamber segments that resulted in: (1)
achievement of performance and operational goals, and (2) selection of
an injector pattern for a full-scale (250K) injector design for the
Aerospike Engine. The pattern chosen was the result of experimental
screening through hot firing of numerous candidate injector patterns,
all of which were applications of basic injector design principles to
the requirements listed in Table 27. Further design considerations of
the injector and the LO2 manifold are discussed in the following

paragraphs.
(C) TABLE 27

DESIGN REQUIREMENTS——INJECTOR

c* Efficiency

at Maximum Thrust (250K at MR = 6:1) 99.6

at Minimum Thrust (50K at MR = 6:1) 93.5
Propellant

Oxidizer LO

Fuel Gﬂg

Oxidizer Flowrate, lb/sec

Maximm 5%3.6

Minimum 90.4
Injector Inlet Pressure, Oxidizer, psia

Maximum 2126

Minimum 335
Fuel Flowrate, 1b/sec

Maximum 86.2

Minimum 14,0

Injector Inlet Pressure, Fuei, psia

Max imum 2033.0

Minimum 396
Ignition Medium Hot gas
Ignition Flowrate, 1b/sec 3.69
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(C) Injector Performance. By use of a fan triplet vattern, c*

efficiencies greater than 98 percent at lew chamber pressures (325 to
937 psiq) and better than 99 percent at highk chamber pressures (up to
1500 psia) were demonstrated with strip injectors in the 2.5K segment

tests in Task II, "Injector Performance Investigation.,"

(U) Ignition and Tapoff Comsiderations. The iajector was designed

on the basis of requirements imposed by the use of hot-gas tapoff and
hot-gas ignition, The injector design selected is ideal in this respect

in that the orifices in each strip adjacent to fhe struts, through which

the hot gases flow, can be adjusted to provide a low mixture ratio bias

for low-temperature tapoff gases and yet not obstruct the hot-gas ignition
source., This strip adjustment was initially accomplished by plugging LO2
orifices and adding hylrogen orifices. Further adjustment of these features
and of stream location and angle is possible. Since these changes are made
on oniy two strips per compartment, and in a locul zone, no significant

change in overall performance results is anticipated.

(U) Stability Considerations. Combustion stability is an important

criterion for injector design. In general, three types of combustion
instability can be identified as oscillations driven by energy sources
in: (1) the combustion chamber alone (so-called acoustic instability),
(2) the feed system alone, and (3) both of these subsystems with coupling
between them (so-call+d chugging instability). The first and third types

are not only the mosti frequent, but can be influenced by the injector design.

(C) Because of the short length of the annular combustion chamber, cross-

sectional modes of acoustic instability are all of such high frequencies
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that they are not expected to occur, The first longitudinal mode for the
6-inch-long chamber is approximately 5500 cps; liquid rocket instabilities
at frequencies greater than 4000 cps are usually nonexistent. No instances
of sustained cross-sectional modes have been recorded in all annular com-
bustion chamber Yests accomplished to date.

(¢} Circumferential (race track) modes, which are acoustic instabilities
of the lowest frequency that can occur in ar annular combustion chamber,
have been computed to be approximately 220 cps, based upon a mean diameter
of 93 inches and a sonic velocity of 5500 ft/sec for the combustion gas.
Higher-order resonances will have frequencies which are integral multiples
of 220 cps. It is in this mode that an injector design, if prone to acous-
tic instability, will manifest itself in the annular combustion chamber,.
The subsonic struts, which are to be used for structural support, will

serve as damping devices for this mode.

(C) Recent tube-wall thrust chamber testinz has also shown thrust chamber
and LO2 torus pressure oscillations in the 220 c¢ps frequency range. Exam-
inatiorn of the torus pressure reveals a phase shift which definitely iden~
tifies a circumferential pressure wave in the system. The frequency of
220 cps corresponds to a propagation time of 4.5 milliseconds. Since LO2
has an acoustic velocity of 3000 ft/sec, and the torus mean circumference
is 24.3 feet, a wave propagated through the torus will require approximately
8.1 milliseconds to complete one cycle. The observed 4.5-millisecond
propagation time is therefore a reflection of the first acoustic mode in
the thrust chamber combustor. It appears very probable that incomplete
compartment separation was the cause of the circumferential pressure
oscillations. The Demonstrator Module will vtilize the subsonic struts

as an integral part of the structure and all gaps will be closed,
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(U) Chugging instability is a coupled phenomenon between the thrust chamber
combustion process and the propellant feed system. Of the several types of
combustion inatability, cbugging is provably the best understood and there-
fore the easiest to predict and eliminate. In a thrust chamber utilizing
hydrogen as a regenerative coolant, hydrogen becomes very compressible ncar
the injector face and will not participate in chugging instabilities. The
oxidizer then becomes the propellant whkich is of interest when discuscin:

chugging., Chugging has been observed during both solid- and tube-wall,
full-scale testing.

(U) For the Demonsirator Module injector configuration, two effective
areas exist for controlling chugging threshold. The first concerns the
“oxidizer injection velocity and is often referred to in terms of injector
pressure drop. Increasing the velocity will reduce the chugging tendency
A second area of effective control involves the feed passages from the
oxidizer torus to the injector. A smaller diameter increases the fluid

inertance and tends to dccouple the combustor from the LO2 torus,

(v) L02 Manifold. The design requirements for the 250K Demonstrator

Module LO2 manifold have been developed based on the following generalized

oxidizer manifold design criteria:

Item Criterion

Oxygen Quality for Ignition Gas

Differential Priming Time Balanced ignition

Design No pockets for gas or
dead ends

Static Pressure Distribution *4 percent

Torque No additional system
weight

Roll Impulse (volume), 1000

ft-1b sec
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(C) These criteria are based on experimental cold-flow (IN)) and water-

flow results of a full-scale, four tangential inlet manifold, and 1/4-

scale transparent models of the four tangential, the two tangential, and

the two radial inlet types tested under the NASA System and Dynamics

Investigation Advanced Engine Aeroapike. Based on these criteria, the

following specific design requirements for the 250K Demonstrator Module

L0, manifold have been developed :

4,

The manifold torus should be a constant cross—section manifold.

There should be no dead ends in any section. With a constant
cross-section manifold this would imply complete circulation

from one sector to the other.
The inlets should be of the tangential type.

The number ¢f inlets to the torus depends on the desired volume
of the manifold, the maximum velocity, and the allowable differ-

ential prime time.

The inlets may be located on either the top or the inside of the
manifold, and the inlet should intersect the manifold torus in a

tangential manner,

The inlet should have the same diameter as the manifold torus,
and the transition zone between the inlet and the torus should

occur in a minimum ¢f 25 degrees of arc.

Central location for the origin of the inlet ducts or a uniform
length of all lines will not be required. Acceptability of a
given design will be based on on evaluation on the individuél
merits of the design. However, as a general ground rule, all
inlet line conflguraﬁypns should have one-half engine symmetry,

and the differeatial line length betws-n the shortest and longest
pair should not differ by more than 30 percent.

To maintain a 4 percent static pressure distribution, the maxiwum

manifold velocity should be 60 ft/sec.
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9. The number of "downcomers™ will be contirolled by the injectlor
vequirements. For the current injector design, three downcomers

per baffled compartment should be employed.

10. The dovncomers should be located in the outside scction of the

manifold, //.

11. The mass of the manifeld with resﬁ%ct to the vapor-forming

potential must be considered and maintained al a wminimum.

(U) The specific design requirements were besed on c¢riteria developed frem

LN, cold-flow testing of the L0, munifold. It is possible that hot-firing

engine data could modify these eriteria, which could lead, in turn, to
modification of the specific design requirements, Une of the more stringent
requirements, from the - .andpoint of engine system design, is the number

of inlets. In general, more inlets produce smaller manifold volumes and/or
lower manifold velocities. In addition, the greater number of inlets pro-
duces the smaller differential prime times. (The differential prime time
is defined as the time between ignitable gquantities of oxidizer discharged
through all orifices.) While there is strong experimental evidcence to
indicate that the minimum number of inlets (from an operational standpoint)
should be no less than four (and pussibly more); final evaluation of both
the minimum number of inlets and the minimum msnifold volume will depend on

the complete hot—firing test resulty.

(V) Injector Alternatives Studied. Several materials were appraised for :

use as the structuval body of the Demonstrator Module injector. Design
considerations included: (1) minimizing weight, (2) providing assurance
of primery leak path repair by hand brazing, and (3) minimizing manufac-
turing development by utilizing techniques developed during the Phase 1
'progr&m. Materianls considered were INCU 718, Inconel 625, and CRES 347,
] The Inconcls presented problems in either TIG braze repair or confidence
B ’ in nitaining adequate braze of strip to body. CRES 347 was chosen as
the material offering the best compromise between fabricakility, repair-

ability, and weight.
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(U) The injector configuration vas fixed as an axially bolted design with
scperate baffles. The injector body is held in place by two titanium
retainer rings which are axially bolted to the combustor body. The con-
cept is shown in Fig.103a in comparison to an alternate method of attaching
the injector, as shown in Fig, 103b. In the latter desigu, the axial bolts
¢ placed through a stcel
ring design was selected in preference to the sieel body flange design

becausc of lower weight and cest estimates,

(U) The decision to use the axially bolted concept was wade after compari-
sou with an integral baffle-injector design which utilized the upper struc-
tural tie bolt as a shear connection. The integral concepl provided
restraint against hydraulic and pneumatic separating loads and offercd a
poteatial large weight reduction. The concept, shown in Fig. 104, will

be analyzed for growth from the bolted corcept for application on the

flight configuretion. Alignment, the necessity for injector preload and
line drilling for installation, and gquestiongble component interchange-
ability arc problems which must be solved before this lightweight configura-

tion can be adopted.

(V) Base Closure Description. The perforated base closure used with

aerospike thrust chambers provides the means for introduction and dis-
tribution of turbine exhaust gases into the inner-body base region to

increase base thrust. Criteria for design of the base closure included:

1. Compatibility with engine gystem components regarding deflections

and dimensional variations due to temperature and vibration

o, Efficient dispersion of turbine gas flow for uniform secondary

flow injection

BONFIDENTIAL
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3. Minimum weight

k. Capability for removal of :losure to facilitate compoment

acceasibility and repair

5. Adeyuate cooling

(U) The nozzle base closure design (Fig. 105) is a membrane-type INCO 718
structure using an oblate sphercid configuration. This closure is mounted
direcily to the pump turbine flanges, thereby transmitting the closure

thruast directly through the pumps into the thrust structure. Such a design
minimizes any loads imposed on the thrust chamber nozzle exit. A flexible
omega joint seals the connection between the botton of the chamber and the

base closure.

(U) The minor-to-major axis ratio of the spheroid was selected after.con—
ducting a trade study snalyzing pressure vessel head shape and weight. A
minor axis dimension of 6 inches was determined te provide a minimum weight
compatible with envelope considerations. The att surface of the closure
extends 5.0 inches below the nozzle exit plane; however, this additional

height does not affect the gimbal excursion, while the weight and internal

flow advantages offset the increased height.

(U) An internal bolting arrangement between the turbine exhaust ducts and
the base closure flanges is used with access provided by holes in the shell

for intersection of the bolts.

(U) The aft portion of the shell is perforated with orifices that comprise
125 sq in. of the flow area (10 percent porosity). A representative orifice
size and spacing would consist of 0.257-inch-diameter orifices, 0.875 inch

apart.

(U) Base Closure Analysis. Design studies were made to determine the best

base closure configuration to ensure high performance of the secondary
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flowrate. Additional aunalysis was made to atudy the base heating te
determine temperature requircments imposed upon the base structure, These

studies are discussed in the following paragraphs.

(U) Performance Considerations. Secondary gas flow is iniroduced in

the wuke region of separated supersonic flow to improve the interaction
with the surrounding primary flow acd thus increase base pressure. In the
application of this principle to the Aerospike Engin:, Rocketdync experi-
ments have been conducted under NASA Contract NAS8-19. Tkis program uuder-
tock evaluation of bleed injection methods, cavity depth, and base geomctry.
The results of this investigation showed conclusively that injectien through
8 perforated base closure (either flat or curved) located at the exit plane
achieved performance equal to deep-caviiy injectior over & wide range of
recondary flowrates, all other nozzle parameters remsining consistent with
the principle of low axial momenvum, In a short disiancve downstrecam of the
closure, the gascs from the individual perforations undergo a wudden expan-
sion, thereby ensuring a uniform subsenic secondary flow distribution in

the woke region formed by the separated primary fluw.

(C) Base Heating. The base closurc for the Aercspike nozzle consists
of & perforated oblaie spheroid through which he tiurbine gas (36“ondary.
flow) patsses. The holes are spaced to produce recirculatory flow of the
secondary gases in the vicinity of the pexforaioed Lase, thereby protecting
the closure with a low-temperature secendary flow blanket. The maximum
secondary gas temperature is approximately 1300 F; therefore, the temperature
of the perforated base closure will mot exceed this value, The base surface
temperature measured as a function ¢f time during uncooled chamber tests
is shown in Fig. 106 for a zero-basge bleed coundition. Maximum vall tem—
perature for the solid base closure (wo secondary flow) atf the eud of the
600-millisecond test was 200 ¥, indicoting no heating problewms in that

region as scen by the small surface temperature rise wiih time. The
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Figure 106. Basc Closure Temperature, Phase I Solid Wall (Test No. 000,
P =900 psia)
Demonstrator Module will operate with a large base blecd, which is intro-
duced in the base cavity. The base bleed will consequently maintzin the

base stiructure at thav tcmperaturc.

(C) Base Closure Design Alternative Studies. The two basic concepts

studied for the module base closure design are shown in Fig. 107 and 108.
The first was a conventional flat plate base closure (similar to that

used in the experimental chamber), attached rigidly to the LH2 thrust
chamber manifold at the nozzle rxit (Fig. 107). A thrust load of approx-
imately 7400 pounds would be transmitted througk the closure tv the thrust
chamber. The necessity of flexible connections between the closure and
the pump turbines required the assumption that a modification of the oxi-
dizer turbine flange was feasible. Even with the assumed diminishing of
the oxidizer turbine flange diameter, available space precluded the effec-

tive utilization of a bellows section. A slip joint war less desirsble

but could be made to fit in the space limitation. The 7-inch depth of
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{1he base closure was determnived by the available geometry, The configura-
tion itsclf conlained a flat predrilled Lottom plate and an upper dish-
shaped plete of INCO 718, The iuternal reinforcing structure consisiced

of cight radial rile and 10 partial radial ribs, The ribs were comnected
hy three cirvcwifevential rings at the bottom and three civeumferential

ribs at the cop.  All radial ribg contaiued large orifices to allow the
distriovution of the internal goses, Plate stiess considerations determined
whe rib and ring spacing. The estimailed weight of 251 pounds for this
configuration significantly excceded its budget 190 pounds., Iurthermore,
there was difficulty in dispersing turbine gases because of lhe restrictive

internal structure.

(U)  Tbe sccond design was the cblate spheroid shown in Yig. 105 and 108.
This design was selected over the flat plate because of ils ability to
meet the targeted weight of 90 pounds end simplified configuration elim~

inating extensive welding of internal suppori structure.

{(U) Two wethods for attaching the base closure to the chamber assembly
were évaluated: (1) atteclhment directly to the chamber nozzle with
expansicn couplings provided at the turbine duct interfaces, and (2)
attachment directly to the twbopumps with a flexible coupling betwecen
the closure and nozzle to contain the secendary flow base pressure and
to provide an aft support for the pumps. Because of the limited space
available Letween the closure and lurbine discharge flanges and thc
simplicity of design with a rigid connectlion of the base closure to the
turbines. the second configuration was incorporated in the final system

design.
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() A preliminary design of the engine turbomachinery wus undertsken to
establish the compenent performance and weighi, ie provide more accuraie
envelopes for the module design system integration, and to define the re-
quircments for long-lead items which would require action at the onset of
Phase 1I1. Two individual turbopump units were studied, ¢ne for the fuel
and one for the oxidizer, cach of which includes a pump, preinducer, and
turbine. The separate designs, analyses, and tradeoff studies are dis-

cussed in detail below.

(C) Fuel Turbopump Pesign Requirements. The initial fuel turbopump de-

sign requirements were derived from the contract thrust, performance, and
operational requirements listed in Table 9 together with the pressure
requirements defined by the system anaiyses. The Demonstrator Module Fuel
Turbopump design must meet the requircments listed in Table 28 and provide
not less than o maximum pump efficiency of 75 percent over the mixture

ratio excursion at full thrust.

(U) The turbine was designed based upon gases having the properties listed
in Table 29. These properties correspond to those of gas gencrator gases
and not tapoff gases. This assumption was made to ensure an sdeguate tur-
bine design before definite tapoff properties have been established. A
turbine designed for gas geuerator properties will not sutfer g perfgrmance

loss when operated with tapoff gases; however, the converse is wot true.

GONFIDENTIAL




GONFIDENTIAL

(c)

TULRBOP'UMI’ DESIGN CONDITIONS

TABLL 28

Nominal Max imum 5X4 Maximum Design

Parameter (Mit-0:1) Joff Nowinal | Tolerance | lequirement
Pumnp Qf’ gpm 8450 9500 483 10,043
Punp P, psia 27066 2942 210 3152
NPsH, feet 60
Pwnp Inlet Pressure, psia 32.0
Pump Inlet Temperature, It 51.7
Turbine W, 1b/sec 10.5 12.2 1.3 13.5
P, (Turbine Inlet Pressure), 1000 1165 117 12482
io z
psia (MR-5)
P (Turbine Discharge Pressure),| 70 76.9 8.23 85.13
psia (Ml 5)
T (Turbine lnlet Gas 1960 1960 152 2112
Temper«ture), F
Turbine Efficiency 62,2

i o)

Tuble 10, page 78.

J I L I Ty T T VP T Ty W PR Y oo .
oy turbopump operating characterisiics
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(C) TABLE 29

TURBINE GAS PROVERTIES

Mixture Ratio 1.12
Molecular Weight 4,272
Temperature, F 1960
cp, biu/1b F 1.802
Specific Heat Ratie 1.348

(¥} Fuel Turbopump Aliernatives Studied. Several tradeoff studies were

conducted before the final turbopump design concept was esteblished. These
included a study of pump types, preinducer drives, number of turbine wheels,
turbine disk configuration, and the aft turbine bearing carrier. These trade

off studies are discussed in the following paragraphs.

(C) Confignuration Sclection. Establishment of the maximum epera-

tion hecad of 96,970 feet for the fuel pump required a re—evaluation of the
selection of the type of pump best able to meet this requirement. The
three types re~evaluated were: (1) a single-stage, inducer/centrifugal
punp (one and one~half stagesP; (2) a single-stage, multivancd centrifugal
puip (multistaged radial); and (3) a two-stage centrifugal pump. Pump
parameters at the design point usc 1 for ceomparison arc shown in Table 30

and ibe head and efficiency curves for the three types are shown in Fig. 109.

(U) The evaluation of the puwps was made on tlie basis of life, weight, hy-
drodynamic performance, uprating capability, manufacturing difficulty, effici-
ency, off-design performance, structural design, maximum bearing DN, maxiium

seal speed, and overall dimensions.
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(C) TABLE 30

UXID HYDROGEN PUMP PARAMETERS AT

MIXTURE RATIO = 6

DESIGN PGINT,

| mgadiadl

One and Muisiatage
Parameter One-Half-Stage | Two-Staye Racial
T = 1
Impeller Speed, 36,000 36,000 76,000
rpm
Preinducer Speed, 14,60¢ 14,600 14,600
rpm
Impeller Discharge 11.4 £.50 11.4
Diameter, inches
Impeller Inlet 6.75 0.0 5.5
Diameter, inches
Preinducer Inlet 9.0 6.0 9.G
Diameter, inches
Preinducer Head, 700 700 700
feet
Impeller Required 600 600 600
NPSH, feet
Overall Head 0.820 1.23 0.820
Coefficient
246
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(U) A summary of the comparison of the three fuel pump coafigurations
is shown in Table 31. Dased on weight, efficiency, uprating capalLility,
and off-design performance characteristics, the one aud one-half stage

pump was climinated from further consideration,

(U) The choice between the two-stage centrifugal and the radial stage

pump was mure difficult. Weight end efficiency were about equal. Reli-
ability and long life, achieved through the design approach of a minimum

of parts, a minimum vvmber of jeints and high-presswre leak paths, elim-
ination of stress areas, and material selection for adequute strength,

were roughly equivalent. The difficulty of casting crossover lines omn

the two-stage design was balanced by the effort required to maintain rotor
tip clearances on the multistage radial concept. Seal speeds and bearing
DN valves were almost identical. However, data on the cperating character-
igsticas of the radial design was extremely limited and on this basis, the

two-stage centrifugal configuration was selected.

(U) Preinducer Drive Selection. Requirements of winimum weight and

size, high overall efficiency, and reliability for the preinducer drive
generated a design study in which six configruations, shown schematically

in Fig.110, were investigated.

(U) The through-flow, hydraulic turbine drive was selected for the fuel
pump, while the high-pressure hydrsuiic hub turbine drive was selected for
the oxidizer pump. The tradeoffs leading to these decisions are presented

below,

(U) The gear-driven preinducer offered the advantages of relatively high
efficiency (gear box efficiency of approximately 97 percent) and a constant

spred ratio. The gear drive is an attractive solution to the problem; gear
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i Figure 110. Candidate Preinducer Configurations
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face loads are low (approximately 800 lb/in.) and pitch line velocities are
only 3900 ft/min. Additionally, previous experience has indicated success
in operating gears in both oxidizer and fuel. It is believed, however, that
the added complexity of the gear box may increase development time, and

therefore this concept is less attractive than others investigated.

(U) The separate gas turbine-driven preinducer offers the highest potential
overall pump efficiency, provided hot gas is available with no performance
penalty to the system. Low-pressure turbine exheaust gases are a poasible
source for this purpose. The disadvantages of this system are that both
complexity and weight are markedly increased. 1In essence, it means adding
a third turbopump with its own turbin-, bearipgs, seals and attendant inlet
and discharge piping. It was believed that these disadvantages out-weipghed
the pump performance advantages to be gained, and therefore, it was not,

considered further.

(U) The high-pressure hydraulic tip turuine drive operates by recirculating
high-preasure fluid from the discharge of the main pump through a staged
hydraulic turbine mounted in the tip of the preinducer. Tue efficiency of
thia desipgn was somewhat lower than the through-flow design, partly because
of the recirculation, but mainly because the large turbin: pitch diameter
resulted in extremely short blades and stators and the ratio of leakage
area to through-flow area was large. Sealing at the large diameter also

presented a problem, and as a result, this design was dropped.

{C) The through-flow, hydraulic turbine drive system is designed iniegrally
between the low-speed preinducer and the high-speed inpeller. A high-speed
preinducer mounted directly on the pump shaft provides the Lead rise to drive
the hydraulic turbine, which is directly linked to the low-speed inducer.
This design offers a relatively high overall turbopump efficiency, a minimum
of mechanical complexity, and it can be developed independently of the main
pump. The mein drawback to the through-flow hydraulic turbine design is a
possible loss in performance at off-design operaticn. An analytical investi-

gation was performed to determine the off-design prrformance of this candidate,
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It wrs found that if the speed ratio (ratio of main inducer spced to pre-
inducer speed) was approximately 2 to 1, there was very little drift
(ratio stayed constant) at off-dcsign conditions., The speed ratio is
determined by veclor diagrame covering induccr blade leaving angle, pas-
sage flow area and therefore velocity, rotor entrance and leaving blade
angle, turbine entrance and leaving angle, and a factor for friction los-
ses. Because the ratio of the fuel pump inducer to main inducer was
approximately 2 to 1, the throughflow, hydraulic turbine drive preinducer

was sclected for the fuel turbopump.

(C) However, the speed ratio for the oxidizer pump is approximately 4 to 1,
and thus, the through-flow drive would result in an adverse drift at off-

~ design. Also, an axial thrust analysis in the oxidizer pump through-flow
inducer resulted in the requirement for either a balance piston or a large-
diameter balance drum. Because beth conditions were undesirable, the through-

flow inducer was eliminated from consideration on the oxidizer pump.

{C) The rotating diffuser drive, in which a set of rotating vanes at the
main puwp discharge is used to drive the preinducer, was investigated as an
alternate to the oxidizer phmp through-flow inducer to eliminate the axial
balance problem introduced by the through-flow hydraulic turbine. This de-
sign allowed the balance drum diameter to be reduced, reducing the rubbing

velocity from 700 to 600 ft/sec at the nominal operating point.

(U) Since the stator has to operate over a considerable range of incidence
angles as the pump is throttled, stalling may occur, with a resulting per-

formance loss. W¥With the rotating diffuser design, stalling, should it occar,
could not be alleviated because there is no method of adjusting preinducer

speed.
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(U) As a solution to possible stalling problmes of the rotating diffuser
design, the high-pressure hydraulic hub turbine drive was analyzed. 1Its
operation is similar to the high-pressure hydraulic tip turbine drive except
that the hydraulic turbine is mounted in the hub instead of at the tip. This
allows the turbine tu be designed with adequate blade heights and reduces

the sealing requirements (two seals compared to five for the rotating dif-
fuser). Furthermore, the preinduccr can be developed independently of the
main pump, in contrast to the rotating diffuser design. Because the hydraulic
turbine is physically separated from the main pump in the preinducer hub, this
design can accommodate preinducer speed controls which will provide the capa-
bility to vary the inducer discharge flow angle. Then, should a atall region
be encountered during throttling, it would be only necessary to place a speed
control valve in the hydraulic turbine inlet flow line to change the flow

angle and alleviate the condition.

(c) Turbine Sclection., Since the turbine flowrate in an aerospike

engine is used as the secondary flow in the base region of the nozzle, it
becomes desirable to optimize the magnitude of this flow. The amount of
secondary flow as a ratio of the primary flow was shown in ihe performance
analysis section to have a direcl effect upon the engine specific impulse.
While the magnitude of this effect does not change total specific impulse
more than 1 percent, it is nevertheless worthwhile to attempt to achieve
waximum engine verformance. ¥For the 1500-psi chamber pressure demenstrator
engine, the turbine flowrate is larger than the desired sptimum secondary
flow. Therefore, efforts were made to improve the turbine performance and

reduce the required turbine flowrate.

{U) The required pump horsepower establishes the turbine power requirement

which, in tur», is the product of three priwmary elements:

HP = turbine efficiency x usable availabl: energy x flowrate

turbine
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(U) To minimize the flowrete, both of the other elements must be maximized.
The usable available energy is a function of the turbine drive gas tempera-
ture and the turbine pressure ratio. These parameters are fixed at their
wmaximum values by stiress considerations and the system pressure balance. The
turbine efficiency is a function of the pitch line velocity and the number of
blade rows. The firsi of these two design parameters, pitch line velocity,

is established by the pump speed and stress limitations on the turbine disk
and rotor hlades.

(U) Therefore, the only design —ariable remaining is the number of hlade
yows. Efficiency will increase witl added turbine wheels; however, an

associatel weight and envelope penalty is incurred. The optimum turbine !
design is then determined from a total system specific impulse—weight

tradeoff. This was done for both the fuel and oxidizer turbines, employ-

ing the performance index tradeoff factors in the applications study sec~

tion of this 1eport.

ot
p
—

(U) Figure 111 shows the variation in fuel turbine flowrate as a function
of the number of blade rows, together with the corresponding change in
turbine weight and the average change in performance index for the six
vehicles in the applications study. These data were used to complete the
turbine wheel tradeoff optimization which is also shown in this figure.
This figure shows the three-wheel turbine to have a slight performance in-

dex advantage for the fuel turbine. Furthermore, the three-wheel design

has a lower development and fabrication cost than a four-wheel configuration.

(C) The oxidizer turbine study involved an additional tradeoff with pump _
speed. The maximum pump efficiency occurs at about 20,000 rpm; however, it }
was not possible to obtain satisfactory turbine performances at this speed

because a 50-percent admission design was necessary. Therefore, the pump

speed was increased to 25,000 rpm, which allowed the diameter to be
decreased from 12 to 10 inches which increased the blade height from i
0.260 to 0.320 inch.

25
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(C) The oxidiz.v turbine study involved an additional traieoff with pump
speed. The waximum pump efficiency occurs at about 20,000 rpm; however,
it was not possible to obtain satisfactory turbine performances at this
speed, because a 5)-pexrcent admission design was necessary. Therefore,
the pump speed was increased to 25,000 rpm, which allewed the diameter to
be decreased from 12 to 10 inches which increased the blade height from
0.260 o 0.320 inch.

(U) Fuel Turbire Disks. A number of turbine disk profiles were anal-

yzed to determine the required thicknesses for various configurations based

on estimated rotor blade profiles and turbine disk temperature distributions. |

(U) Fir tree and integrally machined blades with welded and bolted curvic
disc connections were considered in various combinaticns, The selected

disc profiles and corresponding stresses for discs having integral blades

with curvic connections are shown in Fig., 112 through 115 . A summary of

stresses and allowable uperating speeds is shown in Teble 32 . i

(U) The curves of Fig.116 show the results of the configuration investisa-
tion, The allowable operaling speed vs center thickness for various disc
configurations is presented. The blades can be changed from integrally
machined to fir tree attached blades for the same disc center thickness,

provided the wheels are attached by welding rather than by curvic coupling. i

(U) Natural frequencies and critical running speeds will be calculated,
and the profile will be modified as regquired tc¢ remove these from the uper-

ating speed range.

(U) Aft Bearing Carrier. Both the LO2 and LH_ turbopumps have an out-

2
board aft beering. The bearings must be rigidly supported by members which
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TABIE 32
(c) MARK 30-F TURBINE DISK DATA
Stage

. 1 2 3
equired Center Thickness, inches 1.4 1.25
Center Thickness for Numbers in 1.5 1.25

This Teble, inches
Neck Thickness, inches 0.25 0.26 0.37
Rim Thickness, inch 0.65 0.65 0.86
Blade Attachment Integral Integral Integral
Wheel Attachment Curvic Curvic Curvic
Average Tangential Stress, psi 62, 500 67,400 68,900
Maxinum Tangential Stress, psi £8,100 97,300 93, 000
Mnaximum Radial Strese, psi 98, 000 99, 000 94, 000
Burst Speed, rpm 52, 880 51,100 51,100
hllowable C.-srating Speed, rpm 39,600 38,400 38,400
Materials Properties for INCC 718

Etu, psi 156, 000 160, 000 161, 000
ty’ pai 125, 000 126, 600 127, 000
longation, percent 15 15 15
t’eighted Average Temperature, F 800 680 590
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will be exposed to the turbine hot-gas environment and must block only a
limited portion of the gas flow area. The thermal stresses and distortions
caused by these gas»s <ould be very high. The struts are enclosed by shect
metal shrouds to protecct them from direct gas impingement and tv serve as
turbine discherge gos flow straighteners. The struts have pinned ends to
minimize the thermsl stresses. A study was conducted to determine thermal
stress and structure flexibilily for various strut configurations. The
resulte are tsbulated in Fig. 117 and 118 and Table 32. By using pinned

end struts, the bearing carrier flexibility can be easily varied by changing
the strut dimensions. The thickness of the fixed end strutis is limited
because of the thert 1lly induced bending stresses. The limiting thickness
values are shown at the bottom of Table 33. The selection of pinned end

struts virtually eliminates the thermal stress problem.

(U) The chosen configuration of six 0.15- by 1.75-inch cross-section struts

on a nine-strut pattern will have & radial spring rate of 5.96 x 106 1b/in.

(U) Fuel Turbopump Description. The fuel turbopump ¢ mnsists of a two-

stage centrifugal pump mounied on a commuvn shaft with & three-row turbine
with a concentric integral, hydraulic turbine driven preinducer. Turbo-
pump axial thrust is handled by means of a hydraulic balance piston located
between the two main impellers. A layout of the complete assembly is shown
in Fig. 119, and the subcomponents are discussed further in the following

paragraphs.

(U) Pump. The fuel pump assembly consists of the preinducer, the

impellers, the balance piston, and the housing.

() The preinducer, designed to meet the NPSH condition of 60 feet, has

as axial flow design with four vanes at the inlet increasing to eight vanes

at the discharge. The higher solidity at the discharge i« to provide &
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(c) TABLE 33
AFT BEARING SUPPORT 5
SPRINGRATE SUMMARY

- Fixed or Pin Ended
t b 3 Struts 6 Struts 9 Struts
0.15 1.00 1.71 x 10° 3.42 x 10° 5.13 x 10° {
0.4C 2,05 10.23 x 10° 20.46 = 10° 30.69 x 100
0.07 2,25 1.80 x 10° 3.60 x 10° 5.50 x 10°
0. 10 2,925 2.57 x 106 5.14 x 106 7.71 x 106
0.15 1.75 2.68 x 10 5.96 x 10° 8.9% x 10° i

NOTE: For the configuration, the springrates are approximately
proportional to the area, where .

A = x-sectional area of strut

=t xb
bmax = maximum &llowable width of strut = 2.25 inches
tmax = Maximum allowable thickness of strut

0.07 inch for Hastelloy-C

r

0.10 inch for Inconel-X Fixed End Only

]

Determined by Thermal Stress
266
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Figure 119. Demonstirator Engine Fuel Turbopump
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more uniform flow distribution to the high-speed rotor just aft of the pre- {»,
inducer. It operates at approximately 42 percent of the main pump speed
(1&,535 rpm) and produces a head rise of 883 feet. The preliminary con-
figuration of the high-speed inducer has seven blades, is machined from a
titanium forging, and is splined to the main sha"t. It operates at a tip
speed of 1160 ft/sec (driven by the main turbine at 35,000 rpm) and pro-
duces a head rise of 4000 feet. The flow then passes through a single-
stage impulse hydraulic turbine which drives the low-speed preinducer be-
cause the two are coupled together through their shrouds., The turbine
head drop is 1092 feet, which meens thal the overall head rise in the pre-
inducer section (head available to the main impellers) is approximately

2200 feet. The preinducer design parameters are shown in Table 3. !

(C) The two pump impellers are mourted back-to-back and the flow from the
first-stage impeller passes through five crossover tubes te the inlet to
the second-stage impeller. The impellers are made of titanium and fully

shrouded to improve impeller efficiency and minimize variations in devel-

-

oped head because of axial clcarance. The rear shrouds are tilted so the
exit angle is approximately 60 degrees from the axes to p2rmit the vanes
to be nearly radial elements with discharge vane angles of 60 degrees from
tangential. With the preindncer, the required impeller suction specific

speed of 7313 is easily attaiunable and no cavitation problems are anticipated.
The basic impeller geometry is presented in Table 35.

(U) The axial thrust loads of the pump and turbine are controlled by

means of a balunce piston which iws located bhetween the two impellers for

two reasons: (1) there is ne external leakage, i.e., balance piston flow
pathk ia from the discharge of the second stage (high-piessure impeller)
through ihe balance piston and then into the discharge of the fi:at-stage
impeller, and (2) the leakage is the same as would result wit) the normal
interstage seal beiween the two impellers. That is, i{ the balance piston
was not located betiween the two impellers, a labryinth seal would have to

be installed between the two impellers, and the leakage across the labyrinth

would be approximately the same as the flow required by the balance piston.

[>]
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(c) TABLE 34

DESIGN PARAMETERS AND FUEL PHEINDUCER

OFF-DESIGN OPERATING CONDITIONS

Mixiure hatios
5 6 7

Preinducer

Speed, rpm 15,300 | 14,535 13,950

Head Rise, feci 941 883 829

Inlet Flow Coefficient 0.0755 | 0.07 0.0663

Inlet Tip Diameter, inches 9.5 9.5 9.5

Discharge Tip Diameter, inches 7.83 7.83% 7.83
High Speed Inducer

Speed, rpm 36,800 | 35,000 33,600

Head Rise, feet 4250 4000 3760

Inlet Flow Coeificient 0.0373 | 0,081 0.0767

inlet Tip Diameter, inches 7.6 7.60 7.6

Discharge Tip Diameter, inches 6.9 6.90 6.9

Suction Specifi. Speed 1y, 300 18,900 18,500
Iurbirve

Speed, rpm 15,300 | 14,535 13,950

Mead Drop, feet 1795 1692 1590

Inlet Tip Diameter, inches .83 6.83 6.8%

Discherge Tip Diameier, inches 6.5 §.50 1 6.5

269

GONFIDENTIAL




GONFIDENTIAL

(c) TABLE 35

FUEL PUMP IMPELLER DESYGN PARAMETERS

Number of Stages 2
Impeller Head Risce/Stage, fcet 39,000
Impeller Discharge Diameter, inches 9.5
Impeller Tip Width (Normal to Flow), inches 0.45
Rear Shroud Angle at Discharge (from axis), degrees 60
Discharge Blade Angle from Tangential, degrees 60
lupeller Inlet Eye Diameter, inches 6.28
Inlet Hub Diameter, inches 4.5
No. of Bladea at Iniet 6.0
No. of Blades at Discharge 24.0
Head Coefficient (stage) 0.597
Suction Specific Speed 7313

{(U) The pump inlet housing and volutes are made of cast Tens 50 aluminum
alloy and include the firsi- and second-stage discharge volutes and cross-
over tubes, The flow from the second-stage impeller passes through five -
crogsover tubes between the first-stage tubes and intc a velute mounted
forward of the first-stage impeller. This produces a rigid casling with
a minimum diameter. The main pump housing is bolted to the preinducer

housing at oue end and to the turbine inlet manifold at the other end,

{C) Turbine. Tie fuel turbine is a threc-row, essentially veloeity-
compounded impulse turbine; however, there i1s a small change in static
pressure across each blade row, All three turbine discs are machined from
Inconel 718 with integral blades to minimize turbopump length and weight.
In the first two rows the blades are shrouded; the third row has an un-

shrouded blade to allow maximum blade height to utilize as much of the
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available energy in the gas as possible. The turbine discs are fastened
together wiith through bolts and torgque is transmitted through curvic

i
ccuplings. Honeyconb seals are utilized at the blade tip and on the be- I
tween stage stator elements to decrease losses, The turbine mani
kept at a minimum diameter to obtain the lightest possible weight. Power
from the turbine is supplied to the second-stage impeller through a sp’ine
drive and then to the first-stage impeller which is fastened to the second
atage with through bolts. The turbine nozzle is welded integral with the
turbine manifold with a conical support between the manifold and housing.

The individual turbine stator vanes are supported by rings bolted to the

housing and to the inner diaphragm. The turbine outboard bearing is mounted

to six struts with pinned ends 15 degrees off radial io maintain bearing

alignment when subjected to thermal gradients. There are nine discharge

turbine vanes, six fair around the bearing support struts,and the other :
three are utilized to provide propellant cooling to the outboard turbine

bearing. The turbine gas path and design parameters are shown in Fig.120. :

(U) Bearings. The liquid hydrogen turbopump employs two hydraulic- E
ally coupled rotating elements, cach supported on two ball bearings. For {
purposes of tabulation, they will be designated starting al the inlet to E
the preinducer 1F, 2F, 3F, and 4F. The design requirements of the fuel ;

{
(U) Ball bearings were chosen throughout because of their inherent ‘
l

turbopump hearings are shown in Table 36.

ability to start quickly without prepressurization, to survive lube coolant

and successfully ingest some contamination. Furthermore, a large body of

anccesaful test experience has been gained for propellant-lubricated turbo-

e ball bearings.

N(C) The LH2 preinducer operates at 14,500 rpm mounted on two outer race

rotating ball bearings (lF and 2F). This approach reduces the bearing

271

GONFIDENTIAL

ot Pr————— e = 5

]



GONFIBENTIAL

TAPOFF_CYCLE
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_ 1
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0,620~ 0.760— 0.900— =] 0,700 po-
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# = 35000 RPM .63
T, = 1500 F TURBINE INLET TEMPERATURE
P, = 1000 PSIA TURBINE INLET PRESSURE
P, = 66.7 PSIA TURBINE EXHAUST PRESSURE
W = 10,53 LB/SEC TURBINE FLOWRATE
NCTE: (1) TIP SHROUDS AND SEAL STRIPS ON
ALL ROTOR BLADES EXCEPT STAGE 3
MANIFOLD {2) DIAPHPAGMS UMDER STATOR ROWS -

FLANGE ID = 3,00 !NCHKES )
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Figure 120, Mark 30-F Turbine Gas Path Sketch
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ize to the point that the application is considered state of the art,
ings a

requireiments defined by the cage material constituents.

(C) The inlet end bearing (3F) on the pump main shaft operates at 35,000
rpm and is also cooled witu liquid fuel, The bearing is preloaded axially
by a spring with the rotor thrust carried by a balance piston. This appli-

cation, excepi for the long life required, is considered state of the art.

(U) The preliminary design of the fuel turbine shows ball bearings located
at the afl end of the turbopump in the turbine discharge area (4F) which
are prelcaded with springs and cooled with gaseous hydrogen. Selection of

this design is not firm and the subject is discussed further in the Analysis

sactlion.

(v) Seals. The liquid hydrogen turbopump has two main seal areas.
One between the second-stage pump impeller and the turbine, designated AF,
and the other between the ouviboard bearing and the turbine exhaust, desig-
nated as BF, Hydrostatic liftoff seals with the design requirements shown

in Table 37 were selected for both applications.

(U) Materials. The materials selected for the primary turbopump
components are based on Rocketdyne experience in the design and production
of pump assemblies for rocket engines. This experience, which includes an
extensive past history of service together with continuous material test-
ing and structural testing, has provided the detailed background necessary
fo.' the material selections which meet the performance, relighility, and

long operating life requirements of the module.
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(U) Tens-50 aluminum alloy castings are the primary selection for the

LH2 and LOX volutes and inlet housings. This material provides satisfactory
strength al minimum weight and can be cast in compiex forms. Foundry tech-
nology required t¢ cast complex structures has been acquired through exten-
sive developmenl and production usage, and guaranteed minimum mechanical
properties for Premium Strength Tens 50-T60 at room temperature and -423 F

have been easily met,

(U) Forged titanium 5.0A1-25Sn is used for the inducer, preinducer, and
main impeller, This selection was based on material testing and actual

service experience, The material has demonstrated that the conservative
minimum properties used in the design can be easily met if normal metal-

lurgical control is enforced at the suppliers.

(U) The use of the same alloys for the major components of the Demonstrator

Module turbine as are used for the corresponding components in the J-3 (”3
engine fuel pump turbine is contemplated. For the manifold and nozzle

plock, Hastelloy C alloy will be used; for the integral turbine disk and

blades, Inconel 7i8 will be used.

(C) Considerable design and fabrication experience has been gained on
these alloys in the production of the J-2 fuel pump turbine. However, the
increase in operating time and number of starts of the turbine over

that of the H-2 turbine will require the development of additional maverial
properties design data. The design parameter of 300 starts makes it neces-

sary to consider thermal fatigue propertics in the design. The approach

here will be io generate low cycle isothermal fatigue data which can be :
applied to ithe thermal fatigue design problem. The 10-hour firing life !
]

requirement also regquires that creep and siress-ruplure data be developed.
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(U) The requirements of propeilant-cooled bearings for 102 ad L, turbo-
pumps have been satisfactorily filled by ball bearings with 440 C races
and balls, equipped with glass fabric supported Teflon (GTFE) cages.

(U) Testing of other cage materials (including polyimides, Chemloy 719
and Rulon A) for L02 and LH2 cooled bearings did not demonstrate any to
be superior to GIFE (Armalon). For this reason, Armalon is the first choice

for use in all bearing cages.

(U) Fuel Turbopump Analysis. The following paragraphs discuss the perform-

ance, hydrodynamic, and stress analyses made in connection with the fvel

turbopump design.

(c) Pump Performance. Pump hydrodynamic periormance is predicted by

use of a digital computer program which calculates the performance and losses
through the pump fer each pump element. All losses are calculated in the
dimensionless form of head loss times gravitational comstant divided by tip
speed squared. The program evaluates losses of inducers, stators, impellers,
varied diffusers, volutes, and veclute exit diffusers. Types of losses include
incidence, shin frictien, diffusion, disk frict
lation loss, clearance luss, wear ring leakage, and momentum loss. The co-
efficients and equations used in the program have heen found to give reliable
preliminary design performance predictions of bo.h H-Q performance and power.
To assure meeting the NPSH requirement of 60 feet, & design inpui value of

30 feet was used in the hydrodynamic anslysis for the preinducer. The over-
all performance of the fuel pump, including its preinducer, i: shown in

Fig. 121, and the estimated pump operating iine throtiling down to 5:1

is shown.
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Figure 121. Mark 30 Fuel Pump Performance Map
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(€) Volute liydrodynsmic Analysis. The firsti-stage impeller dis-

charge flow sysiem consists of five flow passages which drop the velecity
and direct the flow to the second-stage impeller inlet. The diffusion
occurs in lhe elliptical difusing passapges which diffuse ihe flow while
lurning it. Such a design has been shown experimenially to be capable

of producing higher efficiencies than stiraight elliptical diffusers
(Met. & ).

(C) The sccond-stiage impeller discharges also into five elliptical fiow
passages with a velocity ratio of 2.34. These passages then discharge
into a collector which leads to a single discharge flance. A clay model

ol a portion of the volute is sh'wn in Fig., 122.

(C) Main Inducer. The main high-speed fuel inducer provides a head
rise of 4000 feet, which imposes substantial centrifugal and hydrodynamic
loads. Therefore, a preliminary structural analysis was performed for the
estimated blade geometry. The maximum calculated vane steady stress is
31,350 psi (25,700-psi centrifugal stress and 5,650-psi pressure bending
straes) which is satlisfaclory for titanium. ‘Ihe two lowest blade bending
mede natural f{requencies are approximately 3600 cps and 14,200 cps. These

are sufficienily removed from the 1550-cps excitation frequency produced
by the preinducer blades.

(U) Fuel Impeller. Preliminary structural calculations of several

proposed impelier backplate configurations have been performed. The geom-

etry and maximum gllowable tip velocities are presented in Table 38 for

various materials.
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Figure 122. V~lute Mockup
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(U) Titanium and several aluminum alloys were considered as possible im-

ge of their favorahle strength-to-weight ratio. Duc-

4+ awmy .-
terials

—
L]

=17 ~
IC1i€el WA

e}

ility, easc i fabrication, and history of successful use as impeller

o+

material were alsv considered. The atlowable Lip speeds were calculated
in accordance with establisbed Bocketdyne bLurst speed policy; i.e., the
maximum allowable operating speed equal to 75 percent ef the calculated

burst speed,

(C) As shown in Table 38 , 6070-T6 aluminum and A110-AT-ELl iiianium alloy
impellers can be fabricated to meet the 1700 ft/soc maximum tip speed re-
quirement. A weighl compurison of the impeller configurations for aluminum
and titanium is sbown in Table 39. An aluminum impeller is scen te have
the weight advancage; however, ihe maximum tip speeds are marginal cven

for the thicker profiles.

(U) The vanes are perhaps-the mest critical area of the impeller because

of the high speed requivemenis of the hydrogen puwmp. Siructurally, a thick
vane is desirable to carry the centrifugal loads; hydrodynamically, s thin
vane is desirable for performance. To compare ihe effect of these conflict-
ing requirements for aluminum and titanium jwpeller wmaterials, the minimum
possible vane thicknesses required for structursl adequacy (the thickness
for a vane having no bending stressea) were caluulated. These vane thick-
ness profiles along the mean streamiijue ave shown in Fig.123. The aluminum
vane requires approximately twice the thickuess uf the titonium vane for

siructural adequacy.
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TWO-STAGE IMPELLER WEIGHT COMPARISON
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manrop
AN

a0
27

Aluminum Weight, pounds Titanium Yeigbt, pounds
Pre- ) Pre
Contiguration | Impeller | Impeller Total Impeller | Impeller Total
1 2.1% 7.8% 9.9% 3.4 12.6 16.0
2 2.1 7.9% 13,0% 12.7 16.1
3 2.1 8.9 11.0 14.3 17.7
4 2.1 10.3 12.4 16.6 20,0
5 2.1% 9.3% 11 . 4% 15.0 18.4

*Does not meet 1700-fps tip zpeed requirement
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M VANE THICKNESSES: (ALONG MEAN STREAMLINE)

A ——-A{—‘ 0.125 INCH

| ~f

PREIMPELLER

MAINSTAGE IMPELLER

g
1 nicn 1 I}NCH
J u—-—L ! . L—L 0.200 INCH
ALUINUK GORFIDENTIAL 1iran;um
| t

THESE ARE THE VALUES OF THE ABSOLUTE MINIMUM
VANE THICKNESS REQUIRED - THESE ARE TO BE USED
ONLY FOR PRELIMINARY HYDRODYMAMIC ANALYSIS.
BEMDING STRESS AND TAPERS WERE NOT CONSIDEREC.

gure 123, Minimum Required Impeller Vane Thickness
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(U) Titanium was chosen as the impeller material to permit the vane: to

be ihinner for increased hydrodynawic performunce. The impellers will he
integral with the shafl and will be jeined with through bolts. The integral
impeller-shaft design increcases the strength of the backplate by eliminating
the central splined bore. A portion of the impeller, the preimpeller, will
be made separate from the wain impeller (o provide case o
Shear pins will be used to distribute torsional and centvifugal leads into

the main impeller backplate.

(C) The waximum aliowable tip speed cf the selected configuration, esiimated
irom calculations of a number of propesed backplate configurations, is approxi-
wately 1800 ft/sec. A representative backplate stress distribution is shown
in Fig. 124,

(U) Fuel Pump Rotor Studs. An analysis was conducted to determine the

adequacy of the pump roter bolting arrangement. The choice of titanium as
the impeller material provides a marked adventage over aluminum insofar as
the allowable impeller thrust separating load is concerned. This can be
seen from Fig.125. The allowable separating load increases with decreasing
temperature for the selected impeller materials 5A1-2.55 ELI titaniuw. At
liquid hydrogen temperatures, the separating lnad that the bolis can carry
and still waintain an adequete margin on separation beiween components of
the bolted stackup is approximately three times as large with titenium im~

peller material as with aiuminum.

{U}) ‘The shear stress in ihe studs ai ibhe inlerfaces Vetween the two i

is 16,500 psi, well within the acceptable limit.
(U) The turbine torque is ‘ransmitted to ihe high-pressure impeller through

& spline which is integral <o the stub shaft ¢f the impeller. This arrange-

ment circumvents the problems resultling from driving with shear pins through
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two relatively thin invermediate members. However, the torsicrmal wind-up
of the stub shaft intreduces excessive bending sivesses in the pump rotor
studs if they are supported in the tangential direction. A d2sign which
#]lowa tangentirl freedom bui provides radial support ifer the studs will

minimize these bending stresses.

(U) The epline shear stresses are low end al the minimum section the sheft

is adequate Lo carry the torsiomal lead.

(U) Fuel Pump Balance Fiston Backplale. The balance piston backpiate

will b2 made of titanium to minimize thermal differential! movements betweern
it and the impellers. The deflectione and stresses for the werst lead con-

ditions; i.e.. with the kigh-pressure orifice closed, are stown in Fig. 16,
(V) The waximum tangential stress is spproximately 11,0600 psi. The waxi-

mun priucipal siress in the r-z (radial-axial) plame is 16,000 psi. These

stressexz are withiu the acceptable limits for titanium.

*(u) Fuel YVolute Structural Analysis. The volute will! be designed te

minimize the ceflections in the discontinuity arcas, near the toungues, In
keeping with current Recketdyne poliey, the volutes will ke subjected o a
procf~pressure test duving manufacture. This proof test will serve two
purpeses. First, high localized discontinuity siresses will te preyielded,
and second, & partial weasure of quality assurance will ke accomplished.
Volutes oy similar design have been subjected te 509 proof-pressure cycles

without failure.

(U) Preliminary calculations were performed o deotermine the required wall

thicknesses of the interstage crossover ducts. The large separating lood

created by the fluid pressures is carried hyv the walls of these vassages.
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p = 900 PSI j v - 2130 PSI

0.002¢

A
!

p = 700 FS1

p = 700 PSI
GEN R ENTE
MAX!MUM STRESSES
m 11,000 PS1 {HOOP BRINCiPAL STRESS)
ro= 16,000 FS1 {r-z PRINCIPAL STRESS}

NOTE: FRESSURE LOADING CORRESPONDS TO VHE
HIGH-PRESSURE ORIFICE CLOSED LONDITiION

p = FLUID PRESSURE LOAD!NG

Figure 126. palence Pizisn Backplate

289

CONFIRERTIAL

5 ‘._..__..._.

St T

ot e e




R

CONFIDENTIAL

The volute has 10 crassover ducts (5 per stage), hence 10 tongues. The
required wall thickness varies from 0.60 inch at the entrance of one passage
to 0.90 inch immediately upstream oi ihe entrance ito the mext. The required
wall thickness for the high-pressure collector scroll is 0.75 inch at the

volute discharge.

(U) Turbine Performance. The estimated performance map for the fuel

turbine is shown in Fig.127. This wmap was developed by reducing the avail-
able energy in accordance with turbine energy loas coefficients that have
evolved from design and development of previous turbines. These coeffic-
ients adjust the available energy for primary friction losses caused Ly

gas flow and expansion within the individual blade passages and for sec-
ondary lesses resulting frow blade path geomet:y, incidence, Mach number,
irailing edge thickness, and leakage within cach nozzle-rotor stage. These
loss coefficients were derived frow correlations of preliminery perform-
ance estimates with the final test data for previous turbines that have
beew built and tested. These turbines he = Leen tested over an operating
ringe uf speed and pressure ratic far greuter than the turbine was intended
tuv operate to accurately determine both design and ¢ff-design perforwance.
After tasting the complete turbine, individual rotors and stators were system-
atically removed and tests were conducted to determine performance with and
vithout these elements. The resulting overall and staging test data were
then compared with the preliminary performance estimates and the energy loss
coefficients used in the design were revised, if required, according to the

test results.

(U) This wetl'od of design und development and the considerable awmount
of test data accumulated mllowed the refinement of design coefficients

tce a igh degree of confidence.
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Figure 127. Turbine Estimated Performance, Three-Stiage Version
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(U} The fuel turbine staging, impulse with velocity compounding, i= quite
similar te staging that has previcusly been evaluated. Therefore, the {inal
fuel turbine hardware is expected to perform in close conformance with the

estimated p rformance map.

(U) Fuel Turbine lotor Blades. Turbine blade stresses wvere esti-

mated based on similar bloles in existence., The first- and second-stage
blades are hellowed and shrouded. The third stage is tapered and twisted
and will probably be shrouded to reduce vibration induced stresses., The
estimated steady-state stresses are shown in Table %0, The values shown
do not include stresses caused by twisv or stacking. Optimum fillet radii,

having minimum stress concentrations, were assumed.

(U) Vibration natural frequencies vere estimated for the third-stage blade,
which is expected to be the most critical stage. An interference diagram
for this stage is shown in Fig, 128 If the blades are unshrouded, a reso-
nant frequency will be experienced within the opecrating speed range. A
number of approaches te minimize the severitly of this potential problem
area will be considered. A selecticn of geometry and nvmbers of nozzles

to remove the resomant freguencies irom the operating speed range is a
possible but not probable solutior. A continuous 1ip shrocud may raise the

first tangential bending frugquency above the operating speed range.

(U) If the resonant froquencies cannot be removed from the operating speed
range, the geometry may be selected so that they occur in the lower speed
(low stress) range, and the intermediate and high-speed ranges are free from
resonances, An additional alternative is available. A change in geometiry
to fir trec attachments can Le made without affecting the overall package
size, providing the discs are welded together rather ithan bolted, as men-
tioned previously. Tests will he conducted to verifiy the blade natural

frequencies., Studies will be made tc optimize the desigu for the vibration

@@mm@@mvn
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(c) TABLE 40

IHQ TURBINE ELADE STHESSES

First Stuge |Second Stage} Third Stage
(Shrouded) ! (Shrouded (Unehrouder)
MAXIMUM STRESSES (at lcoading and trailing edges), psi
Without Stress
Concentration
Centrifugal® 30,500 44,100 42,170
Power Bending 5,360 5,560 5,190
Total 35,860 49,660 47,300
With Strees Concentration
: Centrifugal#* 37,900 54,900 52,300
; Power Bending 6,700 6,900 6,400
? Total Lk, 600 61,300 58,700
é MATERIAL PHOPERTIES FOR INCG 718
’ Ultimate Strength, pesi 124,000 153,460 156,000
10 Hour Rupiure Strength, psi 83,000 140,000 150,000
Temperaiuve, F 1,320 1,100 945

NOTE: Speed 38,900 rpum

o
zr

o -—
D/ 1

ot

P ]
uwe s h"

Torque 36,500 in.-1b

*Centrifugal bending stresses are not included.
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congideration. The vibratior considerations are expected Lo be less criticel
in the first~- and second-st.uge biades with ivlegral continuous shruuds, The
thermal duty cycle will be defined for operating conditions. Thermal 3tresses
and the ntiendant low cycle fatigne will also be a consideration in determining

the airfoil and shroud cross-cectional geometries.

(U) Fuel Turbine Inlet Manifold. The turbine inlet manifold will be

made of Ha: telloy C. Use of Hastelloy C eliminates the nced for a heat treated
weldmesit snd provides adequate rupture strength and good ductility. The ther-
mal duty <ycle will be defined and low cycle fatigue comnsidered in the siziag

of the manifold and turbine stationary parts.

(¢c) Seal Analysis. The function of the main liquid hydrogen pump seal
package is to prevenl excessive leakage of liquid hydrogen into the turbine.
The package consists of three flow restrictions in series Letween the
1600-psig {luid at the iulet to the second stage and 270-psig turbiue
downstream pressure. The first and tbird restrictions are labyrinth scals
which must flow a substantial amcunt of fluid to create a pressure drop
seals which must flow a substantial emount of fluid to create a pressure drop,
and so are congidered mainly as backup seals. The second seal is the main
flow restriction and is a positive-typc shaft secal, which will be referred to

as the primary LH, seal. !

(C) The most advanced seal application in the L[l2 pumt: is the high-pressure
primary 1M, seal which will be required to operate outside present expericnce

and state of the art for both speed (735 fi/sec) and pressure (1600 psig).
(U) 1In order to attain the life required, seal concepts cother than two con-

tacting flat rubbing surfaces will be required because of the high heat gener-

ation and resulting wear, An attractive alternative is the liftoff seal, in
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which the sealing faces are separuted, eliminating wear. Testing to date
had indicated tha . hydrostatic liftoff seals can perform gatisfactorily at
high speeds for WM, service. It is felt that the hydrostatic seal is adapt-

able 1o higher pressures and speeds because of its noncontecting feature.

(U) The hydrostatic scal is sclf-compensating, in that face geometry is
designed so that the seal is hydraulically in balance with the faces sepa-
rated slightly. Further opening drups the pressure between the seal faces,
and hydraulic forces tend to close the seal. 'The seal then operates at a
small controlled gup with a small steady leaskage. Because the hydrostatic
seal remgins lifted off as long as the applied pressure excecds the design
liftofl wvressure, this type of seni shoeuld be insensitive to speed, higher
pressure, or operational time. The remaining design goal is then 1o provide
a secondary scal (wost prubably a bellows) capable of withstanding the scal

pressure.

(C) Bearing Analysis. The most significant new technoelogy area in

the turbopumps is the turbine bearings which wust cperate at 35,000 rpw

(L]l2 pump) and 25,000 rpw (LO2 pump) lubricated and covled by gaseous hydro-
gen. A limited amount of tesiing was comducted in which bhall beariugs were
cooled with gaseous hydrogen. Two scts of 45-mm Lore Leariugs were run at
U, 500 rpm to 38,800 rpm Lo 210 minulos total teov time. Three sets ot
60--um bore bearings were operatved for accumulated test timesz of 481, 301,
and 507 seconds, respectively. In general it was concluded that more cage
pocket wear, lower load and speed copacity, and more ball and race surface
degradation occur with GHQ—cuoled bearings when compared to LHQ-cooled

bearings.

{U) Two potential solutions are considered; the final choice will depend

upon itest results. Preliminary tests will be conducted to determine uprating
limits with gaseous hydrogen coelant. As an alternative, a lubrication sys-
tem with gaseous hydrogen plus an additive such as tributyl phosphate will be
tested. This system haz been used for gear and bearing lubrication in another
application. The anlicipated lubrication requirements for the turbine bear-
ings are less severe than those for gears, and it is therefore expected that
an additive system, if needed, will comprise a satisfactory solution of opera-

tional problems.
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(U) The preliminary designs of both turbopumps show ball bearings preloaded
with springs. Consideration will be given during the detail design te the
usce of roller bearings in the turbine position. The roller bearings are

expeclted to have the follewing advantages:

1. No sliding of outer race required

2, Hiph radial stiflucoss

It is expecied, however, that roller bearings will require additives in the

gasecous hydrogen to prevent excessive roller end wear.

(U) The choice amung the alternative systems will be based on design anal-

yses including shaft dynamic analysis and upon bearing test results.

(v) Rotordynamics. Several critical speed analyses were performed for
various configurations of LHQ turbopump rotating assembly. Each rotating
assembly was idealized as a sysiem of lumped mass stalions. The inertia
properties and elastic charucteristics for each stution were then approxi-
maied. The system simulated was then cvaluated by a transfer matrix scheme
yielding the critical speeds. The analysis procedure was performed using
digital presrams operating on the 1BM avstem 360. Critical sveed variations
for changes of bearing radial spring rates were studied. The final config-
uration analyzed exhibited at least one critical speed withia the operating
speed range for any praetical range of bearing spring rate, Figurel29 dis-
plays a plot ol eritical speeds v« bearing radial spring rate. Bearing
spring rates in excess cf 1.3 (106) I1b/in. are recommended to minimize criti-
cal specd problems; i.e., for such values only one critical speed will exist
within lhe desired operating speed range. Figure 130 shows the first eritical
speed shaft normalized wode shape. Although the rotor analysis indicates

the first critical speed to be within the throttling speed range, il is pre-

-dominantly a Learing critical speed {most of the deflectionr due to bearing

flexibility). Experience with similar types of rotating assemblies, with
proper balanciug of the physical rotor and damping Ly the fluid forces,
show that this critical speed mode is not apparent in experimental data.
Hovever, the analysis does point out a potential area to he cognizant of,

during development testing, should problems arise.

@T@mﬁn@éﬁmm

his page is Unclassified)




CRITICAL SPEED, RPM

1 X

i0

o

GONFIDENTIAL

ey

,,faf*’""'——‘_—'——-_—“{::;;;OND CRITICAL
- | SPEED

T T TT1T
S

’/,/f////,/:"c“ ' —— THROTTLI!
SPEED

}——% ______ sraa oom wove . ——— -
- FIRST CRITICAL SPEED

N
N
k._
—
GONFIRENTIAL
1 L il Ll
10° 2 4 6 8 1 x10° 2 4 6 81 x 10

BEARING SPRING RATE. LB/IN.

Figure 129. LY, Turbopuwup Critical Speed vas Bearing Spring Rate

298

BONFIDENTIAL




GOWFIDENTIAL

VR 17 L1465 'S

AL

ks T0%)

. . N N
X :
LR R TP TN
i ! I
o A —

l' L T]
g
|
!
|
B

T

-
|

i
)
i
|
1
11_'

i
|
|

- — 1 - —
N , T _
IOJ_Y\J! ilﬁ -r L) =1 R e TTres— A.,nl e
ﬁ'].‘f/lﬂ| |.1| IR - I— B |—.ll|..l ldl Ilanl'l “.
= ——r—-
] S e
| ) )

)
||«| - —— Il....l - «l
T - . -
|

AURMARP SN nn
LI HES A IR PO

i
[
[

|
A

L1}

lllllllllllllllllllll

AXIAL DISTANCE

Figure 130. Turbopump Firet Critical Specd Mode Shape

SONFIDENTIAL




(¢) oxidizer Turbopum. besign Reguirements, The initial oxidizer turbo-

pump design requirements were derived from the thrust, perforwance, und
operational requirements listed iu Table 9, tugether with the pressure
veguirements defined by the system analyses, The demounstratur module oxi-
dizer pump design :pust meet the requirvemenis listed ik Table 41 and pro-
vide a maximuwm ¢fficiency not less than 73 percent over the miature ratio

excursion at full thm, t

(¢) TABLE 41

OXIDIZER TURBGTUMP DESIGN CONDLITIONS

|
{ Nominal Muaximuw 3o Maximuw Design
Parame ter (MR=6:1)[0ff Nowinui | Tolerance | HRequirement
Pump Qo, gpn 3120 3295 160 3455
Pump Py, psia 2060 2118 166 2084
3 NPSHi, fcet 16
Pump Inlet Pressure, psia 40.0
Pump Inlet Tewperaiure, R 175.6
Turbine W, 1b/sec 3.91 k.13 0.47 h.6
Pi“ (Turbine Inlet Pressure), 750 791 A 883
paia
l P, (Turbine Discharge Pressure),| hv Wil (MR=5) 4.32 48,42
p3ia
Tiu (Turbine Inlet Gas 1960 1960 152 RAREL
Temperature), F
Turbine Efficiency L7.4
300
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(U) The turbine was designed based on the gas generator properties listed
in Table 29 . For turbopump operating characteristics at off-design mixture

ratios see Table 10 , page 78. .

Oxidizer Turbopump Alterpatives Studied,

(C) Pump Configuration. Because of the high density of Lo

oy the
required pump head is relatively low (1 4610 feet maximum). Thehlow head,
when combined with high speed (to minimize weight and envelope), results
in a high specific speed design. The high specific speed and medium volume
flow of 3100 gpm, combined with the requirement for throttling, make this
pump ideally suited to a centrifugal design. Such a pump has the charac-
teristics of high efficiency, low weight, design simplicity, and wide off-
design performance. Therefure; no other candidate configurations were
investigated for the main cenirifugal stage. The analysis for the selec-
tion of a hydraulic turbinrc mounted in the preinducer hub to drive the
preinducer was presented with the fuel pump preinducer drive analysis,

page %Sn

(U) Oxidizer Turbine Disk Configuration. A study was conducted to

determine the required turbine disk configurations. The selected profiles
and corresponding ziresses ace shown in Fig. 131 through 13k The disc mate-
rial is Inconel 718 and the blades are fir tree altached. During the
initial portien of this study, the required sizes were calculated for the
ihird-stage disc with and wilhout a central hole. The resuits are shown

in Fig. 131 and 135. This study was conducted considering blades with fir
tree attachments. The thickest hollow disc considered (Fig.135) did not
have an adequate allowable speed. From a comparisen of Fig. 13l and 135 it
can be observed that the solid disc oifers advantages in turbine assembly

and weight. During the detail design of the turbine disc, analysis will

301
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be performed to determine the disc natural frequencies and critical running
speeds. Disc profiles will be modified as required to remove the critical

running specds from the operating speed range.

(U) Oxidizer Turbopump Description., The oxidizer turbopump consists of

a single-atage, centrifugal pump wmounted on a common shaft with a three-
rov turbine, with a concentric, integral, hydraulic turbine driven ;re-

inducer. A layout of the complete assembly is shown in Fig. 136.

(U) Pump. The oxidizer pump assemwbly consists of the preinducer,

the impeller, and the housing.

(C) The preinducer, designed to meet the NPSH condition of 16 feet, is
similar to the fuel pump preinducer, with four vanes at the inletl increasing
to eight at the discharge. It operates at approximately 25 percent of the
main pump speed (6000 rpm), and produces a hecad rise of 320 feet, which re-
quires that the following high-speed inducer operate at a very moderate
suction specific speed of 17,900. The uxidicer preinducer drive differs
from the fuel preinducer drive in that a four-stage hydraulic turbine is
located in the inducer hub rather then a single-stage in ihe main hydro-
dynamic passage. It is driven by high-pressure (2000 psia) liquid

oxygen tapped from the pump discharge, and returned to the main pump flow
beiween the preinducer and the main inducer. At the nominal design point
the recirculated flow is approximately 15 percent of the total oxidizer
flowrate. A fifth stage could be added, which would reduce the hydraulic
turbire flow to 12 percent if a higher efficieicy became necessary. The
hub turbine drive also effers the possibility oF separate speed contrgl of
the preinducer by including a throttle valve in the hydraulic turbine sup-

ply line. The preinducer design parameters are shown in Table 42.
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Figure 136B. Demonstrator Engine Oxidizer Turbopump
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TADLE §

—_~
[t}
T

[ =]

OXIDIZER PREINDUCER DESIGN PARAMITIRS AND
OFT'~-DLSIGN OI'ERATING CONDITIONS

Mixture Ratios
5 6 7
Preinducer
Speed, rpm 5300 6000 6300
Inducer Inlet Flow Coefficient 0.0069 | n.07 0.0706 ‘
Hlead Rise, feet 310 320 330
Inducer Inlet Tip Diameter, inclies 9
Blade Number 4 Plus 4 Splitters .
Inducer Dischcrge Tip Diameter, inches 7.75 : ;
Tnducer Head Coefficien’ 0.250 '
Stator Inlet Tip Diameter, inches 7.75
Stator Discharge Tip Diameter, inches | 6.75
Ilydraulic Turbine '
Hub Turbine Pitch Diameter, inches 3.75 ;
Passozo, Height, inch 0.29
Number of Stages 4 to 5

310

GONFIDENTIAL




BONFIDENTIAL

() The high-specd inducer has bYlades machined from K-monel and splined

to the main shafi. It operates at a tip speed of 507 f{t/sec (at 25,000

rpm) and provides & head vise of 716 feet.

(C) The selected impeller design results in a centrifugal stage head co-
cfficient of 0.357 and a stage cfficiency of 80 percent. The impeller is
made of Tens-50 aluminum and is shrouded to permit large clearances between
metal surfaces to minimize explosion hazard. The impeller scals, which
operate with close clearances, are fabricated of fluorocarbon material,
which has been experimentally demonstrated to be safe for this application
during Oporatlon in H-1, J-2, and l 1 oxidizer pumps supplied to the NASA.

The basic iwpeller geometry is presented in Table 43.

(U) The pump housing is made of cast Tens 50 aluminum alloy and incorpor-
ates a double-tongue volute with the two passages joined upsiream of a
single discharge. The volute construction minimizes radial bearing loads
at off-design conditions and reduces volute friction losses by cutting Lhe
flow path length. A port is provided upstream of the discharge flange for

the preinducer turbine drive fluid supply.

(V) Turbine. The oxidizer turbine is & three-row, essentially velocity

compounded impulse turbine similar to the fuel turbine.

(U) Turbine discs are mounted similar to the LI, turbine, and torque is
transmitted to the pump impeller through a aplin;d, integral turbine shaft.
Since turbine lengtli is not dictated by disc stress considerations, discs
will be machined independently of the blades aud the cast blades will be
attached to the discs with fir trees. Blades on all three rows are shrouded,
and honeycomb seals are provided both at the blade tips and at the inter-
stage diaphragm. The turbine gas path and design parameters are showu in
TFig. 137.
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(c) TABLE 43

UXID1ZER CENTRIFUGAL PUMP STAGE GEUMETRY

High Speed Inducer

Speed, rpu

Inducer
Inducer

Inducer
Inducer

Inducer

Suction

Jupeller

inlet flow coefficient
heat rise, feet

inlet tip diameler, inches
discharge tip diameter, inches

head coefficient

specific speed

Impeller iniet eye diameter, inches

Impeller tip diameter, inches

Impeller tip width, inches

Centrifugal stage head coefficient

GONEIDENTIAL

25,000
0.201
716
k.65

5.4

0.100
17,900

4.4

5.5
0.9

0.357
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(U) Bearings. The liquid oxygen turbine smploys two hydraulically
coupled rotating elements each supported on two ball beariugs. For pur-
poses of tabulation they will he desigoated 1, X9, %0, and &p. The de-

sign requirements of the oxidizer turbopump bearings are shown in Table 4h.

(C) The 102 pump employs four propellant-lubricated ball bearings for
component location: two on the hydraulically driven preinducer and two
on the turbine and pump shaft. The preinducer operates at €000 rpm, with

both bearings cooled and lubricated by recirculation of 10 Both bearings

a°
have 40-millimcter bores, operate at nominal speed, and are considered to
be a state-of-the-art applications that will posec no design and development

problems.

(C) The inlet end besring on the pump shaft (50-millimeter bore) will
opecate at 25,000 rpm, cooled by 10,, and will support any net hydraulic
pump thrust loads. Recent testing ;n an IRD program has demonstrated the
capability of a similar beering to opersie at 25,000 rpm at a thrust load

of 600 pounds for 15 hours. To attein bearing reliability with no further
developments, the net turbopump thrust must be balanced to the 600 pound
range. Assuming that this is done, the 3¢ bearing application is considered

within successful test experience.

(U} Since the enviroument downstream of the outboard turbine bearing
seal is hydrogen-rich, this bhearing is lubricated and cooled with gaseous
hydrogen tapped from the thrust chamber inlet manifold. A discussion of
this applicalion was presented in the Hydregen Turbopump Bearings section

of this report.

(v) Seals. The most sensitive seal application is the oxidizer
seal package, whoae function is separaticn of LO2 and hydrogen-rich steam
used in the turbine. Mixing of these fluids can result in an explosion.

The oxidizer pump will employ a redundant seal arrangement, in which failure

314
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of any one of three eeals will not result in mixing of the sealed fluids.
The package will consist of a primary LO2 face seal, designated A, &
purged shait riding intermediate seal (B), and a turbine face seal (C).
The purge gas will be introduced into the interior of the shaft riding
seal, where it will bLe maintained at a pressure higher than that exist-
ing in either of the drain lines, thus preventing any leakage of either
seal from entering the purged area. The purge gas leauking across the
shafi-riding segments carries leakage with it from botl seals out the
drain lines, This seal arrangement has been used successfully on the
H-1, F-1, and J-2 turbopumps.

(U) The design requirements for the above seals and also the outboard

turbine seal (D) are summarized in Tahle 43.

(U) Materials. The oxidizer pump does not have stress levels as
high as the fuel pump, and therefore aluminum alloys are used wherever
possitle. The preinducer is made of machined 6061-T6 aluminum and tle
impeller of cast Tens-50 aluminum. These materials provide the required
strength for the pressure bending loads and have long been used success-
fully as a cryogenic inducer material. IHoewever, wrought K-Monel was
selected for the high-speed inducer because of its cavitaiion resistance
properties. The pump inlet housing and volute are made of cast Tens-50

aluminum just as in the fuel pump.

(U) Because the turbine blades are machined separately and attached to
the discs with fir irees, it is possible 1o use a differenit maierial lhan
that of the disc. Therefore, Inconel 713C was used for the blades be-
cause of its better machinability, and Inconel 718 was used for the tur-
bine discs as in the fuel turbine. The turbine wanifold and nozzle block

are both made of Hastelloy C.
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(U) Oxidizer Turbopump Analysis. The following paragraphs discuss the

performance, hLydrodynamic, and stress analyses made iu connection with

the oxidizer turbopump design.

(C) Pump Performance. A hydrodynawic analysis similer to that dis-

cussel under the fuel pump was used to generate the pump performance
shown in Fig. 138 . This mop also includes tlie estimated pump operating,
line throttling down to 5:1. For the oxidizer preinducer, a NPSH of 12
feet was used to ensure meeting’the requirement of 60 feet.

7
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Figure 138. Mark 30 Oxidizer Pump Performance Map
(With Engine Operating Lines)

(U) Axial Thrust Balance. The turbopump axial thrust balance will be

accomplished by setting the front and rear impeller seal diameters to bal-
ance the pump and turbine loads within values which can be sustained by

the bearings. The axial thrust can be maintained within 500 pounds after
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a development program, and the initial load values will permit the test
program required to finalize the axial thrust system., Trimming of axial
thrust will be accomplished by use of antivortex ribs inside the impeller
rear seal, The stationary ribs control the pressure gradient inside the
wear ring, and varying the diameter will vary the impeller thrust. This

system has proved effective on the J-2 oxidizer pump and the -1 fuel pump,

(C) Pump Structural Analysis. The fluid turbine preinducer assembly

for the LOX pump will have a maximum operating speed of 6750 rpm. At this
speed, the proposed aluminum hub and shroud assemblies will be structurally

adeyuate to support the centrifugal loads without excessive deflections.

(C) The Ln2 pump main inducer will operate at a maximum speed of 27,000
rpm. The calculated maximum allowable safe operating speed fur the K-

Monel splined hub configuration is 31,500 rpm.

(c) The 102 impeller backplate (Fig. 139) is satisf{actory for the 27,000-
rpm maximum operating speed. The impeller will be made of premium strenyth
Tens-50 alvminum with Grade 1 properties in the critical areas. The cal-
culated backplate burst speed is 41,800 rpm, resulting in an allowable
operating speed of 31,400 rpm. The radial and tangential stress distri-
butions are also shown in Fig. 139.

(v) The 1 section of the shaft hetween the impeller drive spline
and the turbine (the splinme relief) is structurally adequate. The shafti

is sized to withstand the applied torsiomal and bending stresses.

(U} This volute, like the fuel volute, will be made of high-strength
Tens-50 aluminum, and will be proof tested to pre-yield the material in
the higher stress regions and to provide a partial measure of quality

assurance.
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L

(¢) Turbine Performance. The estimated performance wap of the oxi-

dizer turbine is shown in Fig. 140. This map was developed in a manner

similar to the fuel turbine map discussed on page 290. Because of the G
system conirol requirements, the turbine inlet pressure for the oxidizer '
turbine is 750 psia. This is 250 psi lower than the fuel turbine inlet .Aﬁ
preessure because of the series hot-gas valve arrangement. However, higher

inlet pressures were not found to be adventageous for the oxidizer turbine

because they require a reduction in the first-stage blade heighit, with an

associated loss in efficiency.

(u) L1e, Turbine Rotor Blades. Turbine blade stresses were estimated

from data on similar Rocketdyne turbine blades. The blades will be hollow 'é
and shrouded. The steady-state stresses are shown in Table 46, The

; blades will be designed with optimum fillets to minimize stress concentrations.

(U) The blades will be tilted to partially compensate for the power bendiag

moment, and hence reduce the leading and trailing edge stresses. S

(U) Vibration natural frequencies were estimated for the first- and third-
stage blades. Although the configuration shown on the layout has fir tree
blade attachments, frequencies were estimated for integrally machined blades.
This was done (o sec whether there was any possibility of designing the un-
shrouded blades such that no natural frequencies would fall within the

operating speed range, i.e., if the first tangential bending mode could be R -
sulting from this study is shown in Fig. 141. As can be seen from this
figure, the first cantilever bending natural frequency of an unshrouded

integral blade falls within the operating speéd range.

(U) Incorporating a fir tree blade attachment lowers the natural frequencies. : ;;

It is likely that there will be some natural frequency excited within the i W
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(c) TABLE 46

1&5 TURBINE BLADE STHESSES

First Stage | Second Stage ?hird Stage
(Shroudedg (Shroudedg (Ynshrouded)
MAXIMUM STRESSES, psi
Without Sirees Concentration
Centrifugal Strese 8,280 20,000 31,900
Pover Bending Stress 2,080 3,370 3,300
Total 10,360 23,370 35,200
With Strees Concentration
Centrifugal Siress 10,250 24,800 39,600
Power Bending Stresa 2,580 &,180 4,090
Total 12,830 28,980 43,690
MATERIAL FPROPEXRTIES, INCO 713C
Ultimate Strength, psi 106,000 107,000 100,000
10 Hour Rupture Strength, 85,000 100,000 104,000
psi
Temperature, F 1,330 1,120 890

NOTE: Speed 27,000 rpm
Power 0,258 hp
Torgque 14,650 in.-1b
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operating speed range, Severs! alternatives will be considered. Choosing
he number of nozzles suck that ithe {first tangential and first axial wode
natural frequeincies are excited below the minimum steady operating specd,
and the second tangential mode is excited sbove the mariium steady oper-
st ing speed, is a possible altermative. Another comsideration is to allow
ihe blades to be in resonance at low speeds (low siress) such that the
blade is free of resonance in thie middle and higher end of the operating
spced range. Still ancether consideration is to cast the turbine blades
in clusters with contimmous root and tip shrouds joining the blades within

the cluster. This would raise thie tangential {requencies considerably.

(U) The most probable scluition to the frequency problem would be to machine
the blades integral with th¢ dise with a coptinuous inlegral shroud. This
would pussibly raise all major natural frequencies ahove the maximum oper-
ating rpeed if the number of nozzles could also be winimized. Gther prob-
lems, such as demping, thermelly induced stresses and anticipated scrap

rates would alsc have to be considered for this type of design.

(U) Liquid Oxygen Turbine Manifold. The turbine manifold is made of

Hastelloy C. Use of Hastelloy C is desirable because no heat treatment
is reguired. This faciliiates fabrication and welding. The thermal duty
cycle will be defined, and this part will be designed to mcet the life ro-

guirement as dictated by lew-cycle fatigue and stress rupture considerations.

(C) Rotordynamies, Several critical speed analyses were performed
for various preliminary configurations of the L02 turbopump retating assembly.
The final configuration comsidered conpisted of pump mainshaft and preinducer
rotating sssemblies. Figures 142 and 143 display the variation of critical
speed vs bearing radial spring ratee for both the inducer and main shaft.

The analysis indicates that, for bearing radial rates in excess of 2 (106)
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1b/in., on both mainshaft and preinducer, no critical speed problems will
exist within the operating speed range (8,600 to 25,000 rpm). Figure Lik

shows the first criticei speed shaft mode shape. ;

(U) Oxidizer Turbopump Seals. The high speed of the LO2 turbopump [

2]
leads to the choice of a hydredynamic or hydrostatic liftoff seal for ]
the priwary LO2 seal.

{(€) Testing accomplished under company sponsership at similar speeds indi-
cates that a hydrodynamic seal outperformed a conventiomal rubbing contact E
face seal for L()2 service; a modified hydrodynamic seal operated for 14 ;
hours at 25,000 rpm, whereas a conventional seal was limited to approxi-

mately 2 hours. The tests simulated turbopump speed, but at low pressures.
Since test conditions approaching turbopump pressure levels induced high ' :
wear rates, it is concluded that improvements must be made to the existing ;
design before considering it suitable for turbopump use. Three seal de- -

signs will be considered for the primary position:

1. Coumercially designed hydrodynamic similar to the type tested

2. Spiral land hydrodynamic designed by Rockeidyne

3. Commercially designed hydrostatic seal

(U) A segmented shaft-riding seal is used for the intermediate pump seal,
vhich is typical of turbopump secondary seals and turbine seals. A major
anticipated problem associated with the use of shaft-riding seals in high-
speed applications ie the heat generation at the wmating suriace. To achieve

the life requirements of the Mark 30 pump, some means of reducing the seal

friction, such as pressure balancing or reducing shaft forces by arch-
binding of the segments must be empleyed. Arother approach is to design
a seal similar to an orifice-compansated hydrostatic bearing with preseure
pada. Design analyses of these concepts should be part of any future

program.
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MOPMALIZED DEFLECTIONS
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(U) The turbiue scal design will be similar to the primary oxidizer seal,
and it is expected that a lift-off seal will be required to avoid exces-

sive wear rates, The comments made on the primery oxidizer seal will, in

general, apply to the turbine seal as well.

(U) Oxidizer Turbine Bearing Analysis. A discussion of the oxidizer

turbine bearings was included in the fuel turbine bLearing analysis, page .

Conitrol Design

(U) The controls design effort was conducted in two distinct areas, per-
formance controller logic and valve mechanical design. Sowme of the basic
trade studies leading to the selection of the control system (open loop
vs closed loop) and the control valve location (hot-gas vs liquid valves
and series vs parallel arrangement) were discussed under the Sysiem Ana-
lysis section. The Controls Design section therefore covers a wore de-
tailed descripcion of the selection system (closed loop, series hot-gas

valves) and the design of the control valves,

(U) Control System Description. The selected performance coatrels systew

is shown schematically in Fig. 145; facility-type components are distin-

guished from engine-type components by a dashed line.

(U) Control over engine thrust and mixture ratio is obtained by proper
pesitioning o¢f two hot-gas valves in the turbine-drive subsystem. One of
these valves is located in the tapoff gas line common to both turbimes;
the other is lccated in the hot-gas supply line to the oxidizer turbine.
The first of thesé,valves, the tapoff throttle valve, is primarily for
thrust level control; the second, the ogxidizer turbine valve, is priwarily
for mixture ratio control; however, there is some interaction bhetween the
valves so that neither valve iv functionally exclusive. These valves will
be driven by integral hydraulic actuators, which will be positioned by hy-
draulic servovalves., Integrnl with the valve actuators will Le variable
reluctance-~type position transducers producing wodulated carrier signal
feedback.
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{(U) The signals from the variabie reluctance position transducers will be
‘demodulated und compared to a valve position reference signal. The error
between these two signais, if any, will be passed ihrvugh & dynamic shapihg
network, amplified, and applied to the hydraulic servovalve during the

appropriate hot-gas valve for correction of the error,

(U) Demonstrator Module thrust will be measured by & chamber pressure
transducer (which may consist of several units to obtain an average). The
signal from this transducer will be compared to the desired signal. The
error resulting from this comparisca (if any) will be used, after appro-
priete dynamic shaping, to produce an appropriate change in the valve

po sition reference signal,

(U) FEngine fuel flow and engine oxidizer flow will be measured volumetri-
cally by turbine flowmeters, FM to DC converters will be used to process
the flowmeter pulses to a level proportiomal tc flow. The signal from the
fuel flowmeter converter will be mmltiplied by the desired mixture ratio
and this product compared to the oxidizer flow signal. The error resulting
from this comparison will be used, after appropriate dynemic shaping, teo

produce an appropriate change in the valve position reference signal.

(U) Should studies s 'w the desirability of adding either pressure or tem-
perature compensation to the volumetric flow measurements, a term can be
added to the error signal for correction of the constant-density assumptions

made,

{U) Control System Analysis. A nonlinear analcg computer model of the

Demonstrator Medule was constructed and developed for control studiea.
This model was used to evaluate dynamic pevformance of several control
schemes for the trade studies and to provide a desigp tool for the closed-

loop control system,

(U) Engine components simulated by the model are the fuel and oxidizer
turbopumps, fuel regenerative-coolant circuit, thrust chamber, control

valves, and the fluid flow ducts. Pump performance was simulated by
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curve fits of the head-capacity and torque-capacity curves. Turbine per-
formance was simulated by programming the turbine performance maps which
relate turbine torque to turbine speed, drive gas properties, and pressure
ratio, Simulation of the fuel regenerative-cooling circuit required con-
sideration of heat transfer and hydrogen properties. The cooling circuit
was divided into two lumps. For each lump, the heat input was determined
as a function of the temperature difference between the thrust chamber
guses and the coclant, chumber pressure, and mixture ratio. Specific

volume and specific internal energy of the hydrogen coclant were determined

from mgss and energy balances across the two "lumps." Pressure and tempera-

ture are determined as a function of specific volume and specific internal
energy from hydrogen properties curve fits, The thrust cbamber was rep-
resented as a sonic nozzle with the characteristic velocity & function of
mixture ratio. The control valves were simulated as compressible flow ori-
fices with pneumatic position control systems on valve area. Friction and
threshold nonlinearities were included. Fluid flow lines we.e treated as
luaped resistances only with the appropriate choice of compressible or

incompressible flow,

(U) A special device used to assist in obviating the requirements for large
numbers of function generators was a multiplexor. This device allows high-
speed switching of input and output to a function generator, thereby elimi-
nating the need for large numbers of gas flow functions and hydrogen prop-

erties functions, The speed of operation was far outside the bandwidth of

(U) A linearized version of the engine c¢quations was also developed for

digital computer use, The purpose of this effort was to develop an optimi-

zation design tool so that various control optimization techniques conld be
applied and then verified by insertion in the nonlinear analog computer

model,
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(U) The required iransier funciions for the Demonsirailor Module comire

system are illustrated in Fig. 140, which is a block diagram of the system.
The design differs somewhat from conventional servomecheniem design in thet
two interacting loops are present. Nevertheless, a design procedure can be

developed for this case and used for optimum control search and synthesis.

(C) The "fixed" part(s) of the block diagram (ell those blocks that do not
have the key word "compensation") were determined by using the nonlinear
analog computer model to obtain frequency or Bode plois at various operat-
ing conditions. A Bode plot of the hydraulic valve position control loops
is shown in Fig. 147. This plot shows commanded valve position, 6, as

input, end valve area, A , a& output, The presence of nonlinearities

is obvious from the steezo;ropoff of the gain curve at 80 rad/sec. The
engine transfer functions were also determined from Dode plots made from
the analog model, two of which are shown in Fig., 148 and 149 . Transfer
functions have been determined at the four extremes of the operating region
(100 and 20 percent thrust; 5:1 and 7:1 MR) and for the "cross" blocks

shown in Fig. 146.

(C) The curves of Fig. 148 and 149 show frequency responses for both nomi-
nal and 20-percent engine thrust levels. The gein is not normalized for
purposes of comparison with the ditital linear medel, and for obtaining

influence coefficients directly at low frequency. Both curves show that

£3

¢ te 50 red/sec, the particular transfer function may be approximated by

a single-order lag term,

(C) Results from the linear digital model for the 100~ and 20-wercent thrust
level operating points give the following transfer functions for the engine,
where Pc is chamber pressure, MR is mixture ratio of the thrust chamber,

A is tapoff throtile valve area, Aotv is oxidizer turbine throlitle valve

ttv
arege, and 8 is the Laplace operator.

I
k=

[]
1]

440(s/116 - 1)/(s/12.5 + 1) P = 1500 psia, MR =

5.96/(s/24 + 1) P_ = 1500 psia, MR = 6

dpc/dAttv

dMR/dAotv
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1}

ch/HAttv = 583(8/275 - 1)/(8/7.2 + 1) P 325 psia, MB = 6

aMR/dA = 9.11/(8/16 + 1) P

c

1

. 25 psia, MR = 6

(U) No attempt to compare the results obtained from the digital model and
the analog computer model other than a cursory exaemination has been tried,
It should be noted that the analog computer medel includes many nhonlinear-

ities not found in the digital system equations.

(U) The finul step in the control sysiem design is the establishment of the
compensation and feedback transducer functions needed to complete the des-
cription of the system sh.»wn in Fig. 146, For purpeses of performing studies
during Task I, this was accomplished by insertion of a proportional plug
integral compensation network into the analog computer model and start model.
Servoloop operation was found to be satisfactory for the etudy purposes, but
design and optimization remains to be accomplished using updated component

and system data and an exact solution for the missing transfer functions.

(U) The dynamic control compensation terms added can be minimized to reduce
equipment complexity and improve reliability, and the "cross" transfer func-
tion terms can be utilized as necessary to reduce control system interaction
and improve the speed of response. To illustrate the design procedure for
determining the compensation transfer functions, consider the following
method. The system is defined by the block diagram of Fig.150 . The equa-

tions may be written without cross compensation as:

rc(l + GICI1H1) + MR(G2c2H2) G1CIR1 + G2C2R2

G4C2R2 -~ G3C1R1

it

—Pc(G3C1Hl) + MR(1 + GALC2H2)

with the solution:

P - CIR1(Gl + GiGAEC2H2 + G2G3C2H2) + CUR2G2
¢ 1 + GAC2H2 + GICIH] + GICIMIG4CZH2? + G2C2H2G3C1H]
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Figure 150, Centrol System Block Diagrsm
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) o - C2R2(G4 + GIGACIH1 + G2G3C1H)) -~ CIRIG3
1 + G4C2H2 + GICIH] + GICIHIGAC2H? + G2C2H2G3CIHL

which cen be msnipulated algebraically by choices of Cl1 and C2 to get stable
acceptable dynsmic responge, although this is cumbersome, A fruitful ap-
preonch ie to include the crese-sompensation terma:
Pc(l + G1C1H1) + MR(GIC3H2 + G2C2H2?) = RIGIC1 + R2(G1C3 + G2C2)
Pc(chunl - G3C1H1) + MR(1 + GuC2H2) = R2G4C2 + R1(GACh - G3C1)

If the cross—coupensstion terms are especially selected:

Ch

G3C1/G4

C3

62C2/G1

then the solution hecomes:

GICIRl _

P = T3 Gicml
GLCoR2
MR = T Gicoms

which is more tractable in that conventional root locus tecbniques can be

applied separately to each loop.

(V) TFinal determination of the compensation and the transducer feedback
transfer functions can then be accomplished by consideration of singularity
location over the entire range of engine cperution, Compensation singuiar-

ities will be added according to modified root locus techniques illusirated

by the procedure listed.




(U) The servocompensation obtained cen then be inserted into the analog
computer mddel of thé throttling ayertem for verification of design goals
end for trimming, and to obtain plots of expected response charscteristice
of the closed-loop engine system. Start and shutdown characteristics can
also be obtained by imsertion of syslem equations into the digital start

model,

() Control System Alternntive: Studied. Studies investigating a coutrol.

system with no cross-transfer funcfione, and the desirability of different
feedback point measurements for system conirol were conducted. These are

presented in the following paragraphs, .

(U) Simplified Control System, A control system without interrelatling

valve function generators was initially considered; however, such a system
does not permit throttling at constant mixture ratio. The throttling paths
of this design are shown ir Fig. 151. It can be seen in this figure that
throttling, using one valve without modifying the position of the other,
will prebably lead to an undesirable operating regien, or, at least, away
from the desired point. This is largely becruse of differences in the
steady-state operating parameters of the pumps and turhines. Because spe-
cification of these psremeters will compromise design of the pumps and
turbines, it will be'necessnry to provide trimming in the form of function
generators. There are a namber of ways to provide these functions, such
as clectronically, cem linkage, etc., but they all share the reguirement

for calibration to one particulear set of hardware.

(U) 'The effect o1 variations iu turbcmachinery hardware is also showi in
Fig. 151 by the dotted paths. These data were based upon a turbomachinery
design which has, roughly, a 10-percent change in the pump H-Q curves and
the turbine efficiency -U/C curves from the design represented by the solid

lines, The figure reveals the controls sensitivity to the turbomachinery

" characteristics because a three-unit change in mixture retio at low thrust

occurs between the two designs, Although the expected variaticns in pump

curves from engine-to-engine is a factor of % less than shown, and the
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expected variation iu turbine eificiency is a factor of 5 less than shown,
this will nevertheless produce an intolerable variation in wixture ratio

during throttling.

() 1t wes vherefore concluded that a cross—function generator wns re-

guired in the syslem.

(U) Feedback Point Selectiou. The following parameters were congi-

dered in a feedback point study to select the optimum memsuved parameters
for the conirol system: fuel tvrbopump speed, oxidizer turbopump speed,
fuel pump diecbarg: pressure, coxidizer pump discharge pressure, fuel pump
ontflovw, oxidizer pump outflow, fuel manifold inlet pressure, cxidizer
minifcld inled pressure, chazher pressure, chamber temperature, tapeff

gus lemperature, and thrust. The pavameter thal moni sccurstely measures
thrust is evidenily thrust, snd those which nost accurutely measure mixture

ratio are the two pump oat mass flows.

(U) Actual thrust measurement is unscceptable for several reasoms, Firat,

.-, thrust will vary some with altitude, although lesse than conventional bell

engines, Programming will therefere have te he adjusiecd for ambient condi-

tious for demonstration. Secondly, thrust is an interface parsmeter hetween

the engine end vehicle mounting while chamber pressure is an engine param—

eter. Flight pressure trensducer techmology also leads rlight load cell

“technology. And last, high-acruracy control for fiight purposzes is not

required beceuse the vehicle guidaucce cemputer will supply the “urimming"
in an evter conixrol loep. A thrust control based on calculations uszuy
the pump cut mass flows was also considered. However, this method has
inhereut inaccuracies because of the difficully iu measuring the mess
vflows. Volumetric flow measurewents must have temperutura and pressure

corrections to compute the maes flowrate. Therefore, a chamber pressure

‘feedback wes considered. This paremeter can be measured with transducers

which are state of the art, reliable, and independent of the mounting
scheme, A failure rate of 0.0021 ner exposure foi pressure traneducers

in a similar application was experieunced cver the pericd of June‘l964 to

~
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April 1960 (about one-half of these were out-of-calibration only). Re~
peatability of 3/k percent of full scale has been demonstrated. Further-
more, it was shown in the Systews Analysis section that chamber pressure

control is supexior to thrust control from & vehicle system atandpoint.

(U) 1deally, it should be poseible to select one additional measurement
and provide the required mixture ralio feedback signal for the control
Yoop., This could theoretically be chamber temperature, becausec it is a
strong function of mixture ratio. Unfortunately, this measurement is
beyond the ntate of the art, It is expected Lhat tapoff gas temperature
will alsoe very with mixture ratic, although with less pronounced effect,
becsuse the tepoff design objective is to minimize this variation. The
present reliability of hot-gas tempergture measurement is not enough for
a man-rated conirol system, so thic «lsc wes cenaidered beyond the state

o1 the art.

() ALl other means frasible to measure mixture ratio require twoe measure-

‘ments, The uze of turbine-type volumetric flow meters, with correction for

density 31 required, was indicated by Rockeldyne experience. According to

f1/gnt instrumentation systems reliability data for the J-2 engine (whick

is a similar application), the failure vate is 0,004 per exposure for tur-

bine flow meters for the period of June 1964 through April 1966, Repeat-

ability of 1/4 percent of the operating level hus been demonsirated, A

special study was thereforc conducted with the volumetric flow meters and

peesible correction purameters using the computer model over the opersting

region of the engine, Variutions in density due to variations in tempers- v
iure and pressure were taken iuto acconnt  The fallowin

the results of the siludy:

Error Over Operating Envelope
Measured Porameters in Mixture Rstio, percent
Two Volumetric Flows 15
Two Volumetric Flows énd +2
Chamber Pressure
Two Volumetric Flows and Fuel 12
Pump Outlel Pressure
(' , ‘ Two Volumetric Flows and Fuel 13
Pump Out Temperatuce
Two Volumetric Flows, Fuel Pump #0.5
{Onc_Tespersture and Preemsure
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(U) As implied by the table, variations in the oxidizer system over the
operating envelope have little effect upen the mixture ratio calculation,
These variations are predictable, and, therefore, can be taken into account
* when programning the system, Use of the iwo volumetric flows and chamber
pressure was found to meet the engine accuracy requirements (+3 percent)
with & minimum of instrumentation, and these were therefore selected for

the Demonstrator Module.

(U) Main Propellant Valve Alternatives Studied. A design tradeoff study

was performed to optimize the main propeliant valve configuration to meet
sysiem requirements. 7Tbe valve types conaidered were a butterfly valve,

& poppet valve, and a modified ball valve (visor valve).

(U) The butterfly valve is essentially a rotating blade which is operated
Ly & linear acluator through a link-level mechanism. The blade or butter-
fly is fabricated as a section of sphere, and sealing is accomplished with
a pressure-zctuated lip seal, The major advantage of this valve type is

shortress in line length and relatively low weight and pressure drop. The

major problem areas are shaft bearings and gate seal design.

(U) The poppet design is a conventional balanced poppet configuration.
The advanteges of this type of valve are that & minimum of seale is re-
quired and that a direct link is provided between the actuator and the

poppet. The poppet valve, however, is the heaviest configuration and has
ihe highest pressure loss. The major develepuent problem in the peoppet
ptimization of the poppel balancing to minimize the actuation

valve inm ¢

force required at all poppel positioms.

(U) The visor valve utilizer a segment of a ball which ie retated by a
linear actuator through & link lever.arrangement, This coufiguration
rotates the ball out of the flow siream in the full-open position and

provides minimum pressure drop. A bellove-iosded plastic seal provides
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the primary propellant seal. The vaive weight falls between Lhe butter-
fly and poppet valves. The major advantage is low pressure loss, and the
disadvantages are ihe number of dynsmic semls required and the need for

rotatin

a hearines
1g bearings,

(U) A tradeoff sludy comparison is shown in Table 47 with the larger
number representing the most desirable configuration. Category A, Primary
Considerations, has been weighed twice as heavily as the other areas be-
cause of its impact upon system perforwance. The visor valve resulted

in the best rating with superior characteristica in pressure lose and
performance. and was therefore selected for the Demonstrator Module.

Table 48 shows the specific weight end pressure loss characteristics for

each valve.

(U) Main Propellant Valve Description and Analysis, Because the line

gizes are nearly the sume, one basic design was used for both the main
oxidizer and main fuel valves. One major layout was prepared, and where
necessary, minor changes were made 1o define differences beiween the valves
which were required becnuse of component location in the system, Althcugh
initial system design studies were based on an oxidizer line size of 3.00-
inch diameter and fuel line of 2,50-inch diameter, subsequent engine balances
required a 4.00-inch diameter for the oxidizer high-pressure feed system and
3.74-inch diameter for the fuel.

(U) The layouts for the two valves are shown in Fig.152 and 153, with no
detail presented for the facility-provided actuator. A hollow ball is used
to minimize the flow forces acting on the bLall and to minimize the shuft
stresses from the inertia of the ball on closing, The bearings are designed
to run vet in order to locate them as close to the ball as possible and min-
imize the shafi overhang aud bending loands., Naflex seals are provided for
the exterior seals, and machined plastic pressure-actuated seals are planned
for the shaft. The baull seal is a pressure-loaded bellows seal, with low-
pressure sealing provided by the bellows-installed spring load. The flow
direction of the fuel valve is opposite from that of the oxidizer valve to

provide moisture protection for the primary seal bellows,
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TABLE 47

MAIN PROPELLANT VALVE TRADE STUDY* SUMMARY

Features Poppet | Visor |Butterfly
Primary Considerations
1. Reliability 9 8 5
2. AP Penalty 1 10 5
3. Weight 6 7 9
4, Cost 9 6 7
Suybtotal 25 31 26
Performance Characteristics
1. Stability, Position-Flow, Pressure 1 5 3
2. Actuation Control Time 2 4 3
5. Ramping (Oxidizer Valve) 1 4 3
4. Downsiream Flow Profile 3 4 2
5. Perferred Position, Penalty L 3 2
Subtotal 11 20 13
Malfunction, Resistance to
1. Seal Leakage, Actuator 3 4 I
2. Seal leakage, Fropellant 4 3 2
3. Galling 3 4 L
4. Vibration 3 3 3
5. Pressure Surges 2 4 3
6. Freezing 4 3 4
7. Seal Counfidence, High Pressure 4 3 2
Subtotal 23 24 22
Construction
1. Number of Parts 5 3 2
2. Number of Dynamic Seals 2 4 3
3. Number of Static Seals 4 2 3
%, Bearing Required, Penalty 5 2 2
5. Structural Stability 5 3 2
Subtotal 21 14 12
Production
1. Producibility (Complex Parts) 5 3 4
2. Special Fabrication Tecknique I 3 3
Subtotal 6 7
Time
1. Design 4 3 4
2. Development 3 3 4
3. Manufacturing 4 3 4
L. Servicing 4 4 A
Subtotal 15 13 16
Total 104 108 96

348

*Point, value 1 to 10 Category A; 1 to 5 Categories B to F
NOTE: High total is most desirable
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TABLE 48

MAIN PROPELIANT VALVE PRESSURE LCSS SUMMARY

BASTC VaLUES

r_"\’alve Fuel Ehcidizer
Type AP | Weight | Line | AP ie_iﬂnt_ | Line |
Vigor 6.2 51 1.0 16,9 51 4.0
Butterfly | 22.0 45 5.6 45.0 45 4.0
i Poppet— l 54,2 55 4.0 110.0 55 5.0
LINE LOSS
" Fuel | Oxidiuer |
lr Line, psi/ft 1.12 2.05
Elbow, pai 5.13 9.45
Velocity, it /sec| 220 73
o e
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(U) FEach valve is orieuted mo as to place the bellows area downstream of

the gate from the moisture suvurce to pr2vent moisture from collecting in

the area of the bellows end subeequent seal leakage problems. From studies
of the valve locations and feed system plusbing configurstions, it was

determined that the most probable source of moisture for the oxidizer
valve was downstream of the valve threagh the thrust chamber injector.

On the fuel side, because the location of the fuel valve is below the
pumn, the mejor source of moisturc was considered upstiec u of the fuel
velve, Furthermore, the fuel valve is protecied from downstream ambient
moisture sources by the thrust chamber tube bundle, By reversing the

flow direction of the fuel valve, “he bellows arca of each valve is thereby
protected from mo’sture by the primary gate seal, However, fo- the gate
setl to function satisfaclorily with the new flow direction, a minor modi-
ficetion in the bellows seal design to change the relationship of the
bellows neutral axis und the sesl area on the ball was necessary. No
other design modifications are required to provide for the reversed flow,
and no significanl change in valve performeuce or sealing charccteristics

ig anticipated.

(U) Tapoif Hot-Gas Throttle Valve Alternatives. A design tradeoff study
en )

wes periormed to evaluate bot—gas valve types and t) select the optimum
configuration. Four configurations were eveluated in the study, one

butterfly design, two poppet designs, osnd a ball or visor design.

(U) The butterfly valve design (1) consicts of: (1) a flat or contoured
disk thet may be adjusted about &n axis perpendicular io fiow to clese
entirely or open to any desired pssition, (2) a gate housing, (3) en actu-
ator mechanism, (&) a servocontrol valve, and (5) position indication Teed~
back ard instrumentation devices. A butterfly hot-gas valve has becn
successfully used for a similar application on the J-2 engine at a lover

operating temperature.

BONEIIENTIAL
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(U) The first poppet vuive design {B) consists of a poppet whi.h is vir~

turally pressure balanced end provides linear flow area as a funclion of 1
actuator pogition, snd indication feedback and instrumentation devices.
The sccond poppel vsive design () is similar to case (B) except that the

noppet is of convertiomsl type, i.e., not pressure balanced.

(U) The last design studied was a ball or visor design (C). This type

of valve utilizes 2 hollow ball segment which is located in the housing to
provide a small clearance between the housing inlet flow port and the ball,
As the ball is retated, the hele through the ball pasees across & tube which
is aligned with the inlet and outlei perts. Under these conditions, the
visor valve reacts simila ly to & blade valve, relative to its flow-area
charucteristics. The design fealures considered in the lradeoff study

are tabulated and evaluated in Table %9. The higher numher indicates the {

prezerred design. i

(U) The evaluation indicated & potentially higher reliability for the !
poppet valve because the design is basically more simple. A balanced pop- i
pet design requires a relatively small actuation force and the force does
not change appreciably with AP, The butterfly and ball valve require
rotating bearings which are subjected te loads which are a direct function
of valve AP and, therefore, experience wajor changes in load and actuator

force requirement. The poppet valve provides a dircct connection bhetween

the actuator pieton and poppet, whereas, the ball and butterfly valve re-
quire a bell crank mechanism to convert linear pistoen motica to rotating
ball or blade motion. The poppet valve also produces a linear change in

flow area &s a function of actuator position, while the ball and luniterfly

e

valves have a nonlinear relationship which can be made linear only by
complex contouring of the bell element or valve body. These considerations
all make ihe poppet valve decsirable from the standpoint of basic design

conzxiderations.
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TABLE 49

HOT-GAS VALVE TRADE STUDY SIMMARY

™~ Pressure-
\Q.-sign Balanced Simple
Butterfly{ Poppet |Viaor| Poppet
Weight A B C D
Performance
i, Linearity of Throiiling 5 3 5 i i
2. FPressure Unbalance on 3 1 3 2 1
Throttling Element
3. Tempersture Insulation 5 L 3 4 3
ef Servo
4., Vibration 5 4 3 3 3
5. Pressure Drop 10 7 6 10 5
6, Leakage, Main Valve 2 1 1 2 1
Throttling Flement
30 20 21 25 17
Complexity and Probtlem Areas
1. Externsl Scals 3 1 3 0 1
2. Dynamic Seals 6 Y 3 3 2
3. Bearings 5 2 5 i 5
%. Ruck and Pinion or Linkage 5 2 5 2 5
5. Beliows 5 5 5 i3 2
6. Sliding Surfaces 5 3 z i L 2
7. Position Indicator 5 L 3 [ 3
8. State-of-Art Development, 8 4 6 4 5
No, of Areas
9. Xoisture and Contamina- 3 2 2 1 1
tion
45 27 35 22 27
Cost
1. Main Housing 4 4 2 3 1
2. Actuator 3 2 3 2 1
3. Throttliing Element % 2 3 \ 1 2
10 8 8 13 4
Size and Weight
i, Size 5 3 4 3 3
2. Weight i0 7 7 6 6
15 10 1i 9
Total 100 65 75 62 57

NOTE: Higher number indicates a superior design
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(. (U) The major drawback of the poppet valve is the high-prcssure drop in
the full-oper position. Evaluation of the overzll system, however, indi-
cated thet the valve cau be incorporated in 8 converging "Y" in the hot-
gus duct, end the overall system allowable pressure drop will not be
exceeded, The balauced\pOppet valve design was therefore selected for ike

tapoff lhrottle valve,

(U) Tapoif Wot-Gas Throttle Valve Description, The tapoff hot-gas throttle

vulve is a pressure-bnlanced poppet type located in the “Y" joint of the
two dects. It is a normally open valve which is actusted by a pneumatic
sctuator. The actvater piston is attached directly to the poppet by a
piston rod which eliminates all backlash, vhile pressure balance holes

in the poppel minimize the control forces necessary to actuate the valve.
Some contouring of the poppet is incorporsted te reduce the rate of change
of area with stroke as the valve epproaches the clused position. The
relationship of flow area and poppet position thronghout the operating

limits is shown in the tapoff hot-gas throttle valve drawing (Fig. 15%).

(L) Material selection fur the hot-gas throttle valve is limited because
of the 1960 R operating teamperuture and 1490-psia pressure level. These
conditions cowbined with the requirement for minimum wveight dictate the
use of high~temperature alloys., Hastelloy-C was chosen for the housing
for good high-temperature mechsnical properties and becaurse it can be used
as a casting. Stellite 21 was selected for the poppet because of its
vesistance tc erosion with high-velocity hol gas. Stellite 21 may also

be welded on the edge of the housing next to the poppet if further evalua-
ilen indicates that 1t is mecesvary. The piston rod ie Hene k1, which

was selected because it is somewhat easier to machine and is satisfactory
for areas not directly in the flow stream. The piston red bearing is a
silver—graphite material and it also acts as the rod seal. Any gas which
leaks through the bushing is bled off. The actusior is protected from

the hot-gas temperaiure by insulation and air cavities.
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Figure 154A. Hot-Gas Tapoff Throttle Valve Assembly
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FLOW AREA VS POPPLT STROK),
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Figure 154D. Hot-Gas Tapoff Throttle Valve Assembly
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{U) A design layout wes initiated snd the maximum and minimum valve flow
arcas were established to meet the engine operating limita, The poppet
nnge was contoured to rcduce turbulence as the hot gas flowe around the
poppet. In additicn, a slight taper was incorporsted to reduce the rate

ol change of area wiih stroke as the poppei approaches ihe closed pusitiui,

£ ~N R PRt s
A\C) Tapoif Hui-Gas Throitle V

-
1]

LG

7
cr
&
-
-]
=
€
a
an
o+
[
<%
=
~n
»n
g
-
t
]

] . | . Y. _ 2 -
Hive AnmiySiy, n

b1
performed to esteblish lhe op°raling requiremenis (flow and &P) for the
tapoff throitle valve at 20- and 100-percent thrust through a wixture ratio
range of 5:1 to 7:!, These dota, prasented in kig. 159, represent the
extreme opernting liwmits for the valve. The topoff throttle valve wus
designed to meet the most critical {low/AP relationship, which is the

100-percent thruse and 5:1 mizxture ratiov condition.

(C) A design study was conducted to determiae the poppet and body profiles
which result in a relationghip betweean valve vesistance and actuator stroke
thet will provide satisfactory throtuling characteristics through the entire
thrust and mixture ratie range, fCurves showing the relalionship of relstlive

value resistance as a fuuction of mixture ratio for 20— and 100-percent .

thrust are shown in Fig. 156, These data cover a nixture ratio range of

5:1 to 7:1. The relative resistsuce ie based on the following exprecsion:

.2
ap - M
I’}
where
AP = preszure drop, pei
- 2, &
B = valve resisfance, sce”/in.
W = {flowrate, 1b/sec
s . (e 3
o = speciiic weight {1h/in.”}
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Hecause the tapeff grs properties ave assumed to be constant over the entire
operating reunge, the specifliec weight is directiy propertional to the total

presrure (p = P/ET), and o velative resistauce can be computed:

() This paramcter is then used in the popp € duvsign vs strole avalysis,

(¢) A preliwinary stegdy-stale heet transfer nonlysis wes made Lo evalustle
the Lroanrient heol transfer frow the poppel inte the aclualor. Assuming

o heat trsnsfer palh through ricel, tihe tempersture at the approximatle
location o Lhe actuator O-rirgs (srsumed to be 6 inches away from o 1500 F
hest source) is 81 F after 3N seconds of engine operntion with av initial
temperature of 70 £, After engine catofl, this lemperatare will contisnne
to rise for some time as the compoaent tends toword temperature eqguilibraium,
The hest transfer sualysis did pot include the {rensient effect after shat.
down; however, the calculations mude through cutalf appear to indizate that
the moximum toleroble temneratuie of 350 F will not be appreached, aud
therefore. the service 1ife of 10 hours should nol piresent a design nroblem

relative to the actuator O-rings,

() Seversl areas related to the high temperature of the hoet gas whick

should be studied further hccame appurent during the design.  The wato-
rials requircd tecausc of the high vperating tempevs ture ave difficult
to machine by couventional methods, which precludes the uvse of Lhresd:.
Yhercfore, tke joint teiween the piston vod and ponted ernnoy. wtilizs

a Jeaded fostener, Brazing appears to be sptisfaclyvy; hovever, vowe
sdditionsl analysis is reyguired to ensure that sufficient hroze area in

proviged.
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(U) Decasse tne valve w:1l opere'e with e high degree of throtiling with
high-temperatiire gas. erovion of tne housing may be critical. This ares
must be analyzed theronglily, sud if rniscessary, 4 walerial such as Stellite

21 which in more resigtant i9 ernsicn can be welded into the eritical aree.

(U) Heat transfer Irom the valve housing snd poppet into the actucior may
also be higher ihan desirable. ilydraulic tluid circulation can be pro-
vided in the fucility actuator, imeulution can be uscd wherever possible,
and the configuration of ihe paris in the heat iransfer path can be studicd

to optimize the heat transfcr and heat-capacity relationchip.

(U) oOxidizer Turbine Lot-Gas_Taroitle Valve Requirements. While no design

study was conducted to select ead lay out a configuravion for the biidizer
turbine throttle valve, analy.is was conducted to define the operating range
of the valve. This study vas similar to the tapoff throttle valve analysis
and resulted in the operating requirements (AP and W) shown in Fig. 157,

snd the relative resistance regquiremenis shown in Fig. 158,
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FL1GHT MODULE DESIGN

Objectives and Requirements

(U} The objective of the Phase I Flight Module Design oand Analysis Task
wis to preparce a preliminary layout of a 100-inch 250K module, which de-
fined the basic module configuration, cnvelope, and weight, and to determine
the predicted performance of this module. Parametric weight, performance,
and cnvelope date werc then to be gencrated for use in performing the Ap~
rlications Study. The design was to be an advanced configuration that

could result from «n engineering development program subsequent to the

Phase 11 Demonstration Program. Advanced component technologies net necces-
sarily demonstrated duripg Phase I nor intended to be demonstrated during
Phase II, but which were considered reascenable projections for an enginecr-

ing development program, were assumed.

Sunmary of Work Accomplished

(C) The ¢iiory eapended on tmis tasic resulfed in the preparation of a
preliminary layout of an advanced flight module, the calculatioa of the
module weight, and the prediction of the module performance. Parametric
weight and performance data were also predicted for thrust levels frowm
100K to 350K, diameters from 30 to 160 inches, end chamber pressures from
750 to 2000 psia.

Suummury of Flighni Moduie wewsagn

(U) The Flight Module design is conceptunlly the same as the Demonstrator
Module. The same power cycle, types of pumps and turbines, siructiural
concept, and operational sequence are used. The preliminary layout is

shown in Fig. 159,
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250K Flight Englue

Figure 159B
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(C) The Itlight Module differs from the Demonmtrator Medule in Lhat nearly
all subavstems and compunents employ welded iuterconnects and assewblics
to mininize system weight and iwprove reliability. Component srrangements
within the engine heve been modificd to reflect the technological rmprove-
wents and refincoents characterizing the Flight Medule. The configuration
thuy cvolved comploys a greater degree of symmetry regarvding propellant
feod ducting, hot-gas tapoff ducting, and engine thrust mouni. ‘he scpa-
rate turbine exhaust ducts are climinated as a result of iwmprovewent
modifications to the turbapumpa, which allows recessing the turbopumps
lower into the engine cavity, and which aless 2idy in attaining engine
thrust woant symmetlry. The resull is a shorter, lighter cngine than the
Dewonstirator Module. The overall diaweier remains the same at 100 inches;
however, the length is reduced to 48.3 inches, and the weight is reduced
to 2939 pounds. An advenc-d, tapered-wall combustion chamber geowetry
(1-1/2 by & inches) was cvolved frow the parallel wall Demousirator Module,
which permits an increasce in the centerline diaweter to 94.0 inches, and

# resultany area ratio increase to 75.8:1.

() sSwall jwprovements in the turbopump efficien-ies are projccted which,
togeiher with advancements in other component and system designs, result
in an lmprovement in engine specific impulse to 452.0 seconds at an enpine

mixture retic of 6:1.

(C) The Flight Module configuration is projected basvd on a development
effort desipgned to reach the lighter—weight cowpracnt configurations and
to cnsuie the durability life goels. Tube and scgment tests conducted
during Phasc I have already indicated the feasibility of the 300 theraal
cycles for the thrust chamber (315 operating cycles were achieved on a
2.5K scgment), and turbopump secal and bearing tests have exceeded the
10~hour TBO requirement (15 hours for two sets of L02—1ubricatcd bearings,

and 14 hours on a hydrody:amic seal).

BONFIDERTIAL




CONFIDERTIAL

Sysicm Analysis

(V) Because of the changes in engine design hetween the Flighi and

Demonstrator Modules, some changes in performance have been projectied.

(C) Combustion Chamber Cerformauce. Thz Flight Madule cswbustion chamber

efficiency for the shori-length combustor (4-inch) is estimated 1o he at
least as high as for the longer {b-inch) Demonsiraior Module. Evern though
past test pregrams have indicated thut c¥ efficiencies fall oif slightly
with shorter combustor lengths, tbe compact Jdesign permits regenerailive
cooling pryessure lous reductiens which can be used to provide a larger
injector &P. This higher injector pressure drop will result in higher
kydrogen injectiun veluvecities and permit atomization of the liguid oxygen
to occur ir & shorier distance. This improvement, combined with improved
injector design as a result of the Phase II development effort, should
result in cowhustion efficiencies at least as high as those reported for
the Demonstrator Medule. Therefore, the cowbuztion efficirency of the

Flight Module was predicted to Le the same as the Demonstirator Module.

(C) TImpreved design of the combustion chamber snd nozzle contour is
expected to increasc specific impulse of the Flight Module. The improvad
combusiion chawber design feor the Flight Module (1-1/2 by 4 inches) will
allow an effective engine diameter (weasured to shroud tip) of 90.5 inches,
as cowpared to 89.5 inches for the Demonstratv: Module., This results in

a corresponding increase in expansion ares ratio of 74.1 to 75.8, In addi-
tion, a methed has been formulated lo optimize further the nozzle contour

and basc pressure fer the Flight Module.

(U) A truoncated ideal contour was selected for the Demonstrator Medule
nozzle because the method for desiygning a mathemaiicel optimum aerospike
nezzie with base bleed was not developed at that time. The truncated

ideal counteur had bLeea showm both theoretically and experimentally to

3067
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give high nozzle efficiencics; however, it is not an optimum configura-
tion. Preliminerv estimatea indicate that a gain in thrust coefficient
of 0.2 percent could be oatained from a contour which optimizes the
cffects of both the primary flow and the secondary flow in the base

region.

(U) The method recently formulated generalizes the nozzle contour cal-
culation wethod to include a nonzero base pressurc in addition to the
present area ratio and length consiraints. The optimization procedure
then used an iteration on Lase pressutre to reach the final design.

First, an optimum nozzle contour is calculated for a&n assumed base
pressure, then the base bleed rate required to produce this pressure is
compuled and cempared tc the actuel engine turbine flowrate. The pro-
cedure is repeated until the calculated regaired base bleed rate is found
equal to the actual engine turbine flowvrate, which is used as the bleed-

flow in the aerospike engine.

{(U) 7Turbomachinery Performance. The Flight Module turbomachinery con-

cept ig basically the same configurstion as that ef the Demonstrator
Module. However, performance improvement through increased efficiencies
is a major area of prejected improvement for the flight turbomachinery.
Juprovement in iturbomachinery cfficiencies will require the evaluation
of the major pressure leakege end power-ahsorbing losses in the various
components. Analytical studies must be conducted, supplemented by a

comprehensive test program, to improve designs where reqriired.

(U) Table 50 shows a comparison hetween the Demonstrator Module pump
and turbine efficiencies ai the nominal operating point and the target
efficiencies for the nominal operating point of the Flight Mudule. 1In
order to improve turbine efficiencies, it will be necessary to experi-

menvally isolate cach of the iosses and evaluate the magnitude of this

CONEIDERTIAL
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() TABLE 50

COMPARISON OF TURHOPUMP EFFICIENCIES FOR DEMONSTRATOR
MODULE AND TARGET EFFICIENCIES FOR FLIGHT MODULE

Demonstrator Module, | Flight Module,
Component percent percent
Fuel Pusps 75 77
(xjdizer {umps 73 75
Fuel Turbine 62 65
Oxidizer Turbine 47 55

loss experimentally and cowpare this value with the analytical prediclion

of its magnitude. In general; these losses are as follows:

1. Expansion Energy Ccefficient
L. 2. Kinetic Energy Coefficient

3. Incidence Loss Coefficient

4, Machb Number Coefficient

5. Ldge Coefficient

6. Nozzle Deviation Coefficient

(U) 2dditional parameters are considered for evaluating the stage effic-

iency losses as follows:

1. Stage Work From Diagram Calculatiouns
2. Stage Available Energy
3. Rotor Reaction

4. Nozzle lleight Corrections

GONEIDENTIAL
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T S,

5. Average FKotor lieight Correction
6. Tip Clearance Losses

7. DRotor Opening Coefficient

(U) The experimental determination of these various losses will e done
by waking surveys afer each blade row and finding the radial and circum-
ferential variation of the static pressure and/or total pressure and the

velocities ineluding wagnitude and direction.

(U) Engine Performance. The Flight Module operating characteristics
(Table,51) were established utilizing the Flight Module thrust chamber

and turbomachinery improvements (arca ratio and efficiencies) and the

same: component tolerances as used in the Demonstrator Module.

(U) Parametric Data. Parametric Flighi Module performance and weight

data have been generated for use in applications studies which are use-

ful in optimizing engine design and performance characteristics. The

paramctric data show the effect of all significant design parameiers in-
cluding thrust, chamber pressure, mixture ratio, and diameter (arca ratio)

on engine performance and weight.

(C) Parametric engine specific impulse, geometry, and weight, based on
Fiigii Module design criieria, were generaied for ihe combinaiiens of )
parameters shown in Table 52. Over 180 curves of parametric data have .
been prepared. A few of these curves are preasented in the following

pages; the bulk of them are contained in the Special Applications Study

Heport, AFHPL-IR~07-20Y. The data presented are for a fixed design at

———

2 nominal mixture ratio of 6:1 with mixture ratio excursions made at
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{ . (c) TABLE 51
FLIGET MODULE OPERATING CHARACTERISTICS
Mixture Ratio, o/fe5 | Mixture Rutio, o./f=6| Mixturc Ratio, o/fe?
Rated 20% Rated 20% Rated ang
Thruat Thrust Thrust Thrust Thrust Thiust
Vacyum Thrust, pounds 744,100 | 48,700 250,000 ; 50,000 o54 700 1 50,860
Vacuun Specific Jmpulse, seconds L54.6 L47.6 452.0 4455 w7 AR
Chamber Prevsure, pafs 1500 12% 1500 125 15Gu 323
Engine Diomcter, inches 100 100 100 100 100 100
: Expansion Area Ratio 75.8 81.5% 75.8 81.5 75.8 81.5
Percunt Length of 15-degree Cone 25 2 25 2% 25 125
T/C  Mixture Ratio, o/f # 5.16 5.1% 6.45 6.19 755 | 7.28
Characteristic Velocity, fps 7803 7665 7553 741 7261 7092
} Thrust Coefficient 1.849 | 1.8%1 1,899 | 1,894 1.9% | 1.9%
Dase Pressurs, psit ' 427 0.7 k.02 0.67 .86 0.68
Sea Levcel Thrust, pounds 202,000 206,00¢ 208, 00(
Sea Level Specific Impulse, seconds 377 372 363
Geometric Throat Aren, in.2 84.8 80.0 B84.8 80.0 84.8 80.0
Engine Oxidizer Flowrate, 1b/sec L&7.9 90.7 §74.1 96.2 5022 102.7
Engine Fuel Flourate, 1b/sec 89.5 18.1 79.0 16.0 71.7 14.7
i Thrust Chamber Thrust, pounds 235,289 | 47,2% 241,70 48,600 246,66f | 49,450
.'l’hruﬂ. Chamber L0, Flowrate, lb/uc 5421 96.2 69,3 9%.8 497.8 102.2
Thrust Chamber Fuel Flewrate, 1h/sec 82.5% 17.5 72.8 15.5 65.9 - 14.0 '
Base Thrust, pounds . 2833 147 8100 1405 798% 1410 ;
10, Pump Inlet Pressure, psia 57.5 37.5 37.5 ws | s | s
LI, Pump Tnlet Pressure, psis 32.0 32.0 12.0 32.0 32.0 32.0
Lﬂ,_, Pump Discharge Iressure, psia 1996 348 2060 350 2118 502 §
Li, Pump Discharge Pressure, psia 2042 601 2766 - 567 2642 546 ;
LO2 Pump llorsepower, bhp 4451 185 L86%5 192 5315 200 !
l.ll2 Pamp MNorsepower, bhp 19,272 970 16,061 848 14,07] 796 i
. Lo, Turbine Inlet Temperature, R 1960 1960 1960 1960 1960 1960 '
LH, Turbine Inlet Temperature, R 1960 1960 1960 1760 1960 1968
LG2 Turbine Discharge Temperatuie, N 1500 itz 1382 1622 1365 1729
l.-ll2 Turbine Discharge Temperature, R 1295 1608 1312 1618 1327 1643
mg Turbine Pressure Ratio 16.2 15.1 18.8 16.2 20.5 17.7
L, Turbine Pressure Ratio : 15.2 13.8 15.0 13.6 14.6 13.1
10, Turbinc Flovrate, 1b/sec 2.7 0.19 2.8 .o 3.0 0.29
LH, Turbine Flowrate. 1b/sec 9.6 0.91 8.2 0.82 7.4 0.4%

#Injector MR and filowrate are the same as for the engine. Differances
{*’- batween engine flourates and MR above and primary nozzle ahown below
- raflect tapoff requirements,
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(¢) vanLt 52

VLIGHT ENGINE PARAMETRIC DESIGN UARAMETERS
: Thxust, Cliomber Engine Engine
[ pounds Pressure, Mixture Dicmeter,
§ psiu Ratio inches
100,000 1000, 1500 5.0, 5.9 56, 70
6.0, 0.5, 80, 96
7.0
150,000 1600, 15900 5.0, 5.5, 35, 80 i
6.0, 6.5, 100, 110 |
7.0
200,000 1000, 1500 5.0, 5.5 60, 80, '
6.0, 6.5, 160, 120
7.0
:
250,000 750, 1000, 1250 | 5.4, 5.5, 6.0 | 68.5, 80, 100
1500, 1750, 2000 ¢.5, 7.0 120, 130
300,000 100G, 1500 5.0, 5.5, 6.0 76, 100,
2000 6.5, 7.0 120, 1%0
350,000 750, 1000, 1250 | 5.0, 5.5, 6.0 | 80, 100, 120
1500, 1750, 2000} 6.5, 7.0 140, 160
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constant chamber pressures. Therefore, the thrust will vary with the
mixture ratio eacursion in a munner similar to that or the Demoustrator
Module., Subseguent ecurve callouts of thrust refer to the design point
thrust level at Mit = 6:1.

(¢) Figure 160 shows a plot of engine specific impulsc vs engine diameter
for several chamber pressures. Thig plot is for a vacuum thrust of ! 50K

and engine mixture ratio of 6.0,

460
3 uso | HANBER //// -
vy} — PRESSURE,
” PSIA // -
§ 440 w‘2°°°////
750

x 15307
2 430 _}250’////, VACUUM THRUSY = 250K
E 1000 ENGINE MIXTURE RATIO = 6
&
5 b20 |-
£ 750
3 BONFIDENTIAL
<<
S el

60 70 8 S0 100 110 120 130

ENGINE DIAMETER, INCHES

Figure 160. Specific Impulse vs Diameter

(U) The increase in parametric Flight Module performance over that shown
early in the contract effori is the result of an increased area ratio
achieved by a reduced chamber width and backup structure thickneas, im-
proved tapoff gas properties (discussed in the Demonstirator Module Per—
formance subse~tion, page 99),end projected improvements in turbomachinery

efficiencies.
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(U) The thrust chawber cooling pressure drop was estimated from param-
ctric heat trensfer studies using nickel cooling tubes. This imposes
ceriain heat transfer limits of chamber pressure and engine diameter which
ére reflected in the performance curves., Extension of the chamber pressure
limits may be achieved by the use of beryllium-copper or other advanced

tube materials.

(U) It will be noted that, for dieameters above 100 inches, the performwance
reaches a maximum value before the maximum chawber pressure is reached.
This occurs because the effect of the increased secondary flow offscts the
gain in specific impulse available at the imcreased area ratio. Figure 101
prescnts a plot of nozzle are: ratio vs engine diameter for parametric

chamber pressure. Figure 162 shows a plot of engine length vs engine
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Figure 161. Etffect of Engine Figure .162. Engine Length vs Engine
Diameter on Nozzle Area Ratio Diameter
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diameicr for several percent lengths. Varialions in engine length with

thrust, chamber pressure, end engine mixturc ratio arc negligible.

Syatem Design

(U) Because the Demonstrator Module design requirements were based on
expected Flight Module requirements, there is litile difference between
the decsign considerations for the two systems. The primary differences
lie in & sicdection in weight and cn extensicn in the operating life of

the Flight Module, with a small improviment in performancce. A layout of
the Flight Module was shown in Fig. 159, and the significant differcnces
betwernt the demonsirstor and flicht systems are discussed in the following

peragraphs.

(U) Thrust Subsysiem. The thrust subsystem is conceptually identical to

the proposed demonstrator thrust subsystem and is comprised of the same

hasic elementg. The thrusi chamber assembly has the same maximum diawmeter

of 100 inches, bui the overa ! length of 48.3 inches is 8.25 inches shorter

than ihe demonstrator length. As opposed to the demonstrator thrust aub-
s¥stem, the tapeflf nmnifoid is iniegraily welded to the injecior, end the
injector is attached to the combustion chamber structure by belts passing

through the 4U subsonic struts that are integrally welded to the injector.

(C) Thrust Chamber. With additional development, it is probable
that the thrust chamber combustor configuration cen be changed from the
parrailel-wall cenfiguration (2 inches wide by 6 inches long) to a smaller,

tapered-wall design (1-1/2 inches wide al the injector by 4 inches long).

This combustor geometry is an advanced concept evolved from the Demonstrator

Module design and test analysis which offers improvements in weight and
performance. The annular combustion chamber centerline diameter is

9%.0 inches (1 inch larger than tne Demonstrator Module), resulting from

GONFIDENTIAL
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the smaller combustion width. At 37.8 inches, {he nozzle is 0.8 inch

longer than the Demonstrator Modulc nozzlc from throat to exit plane

(.1:~L41" Lich.w nyan sntdic
UALEIIMLJ’ I\AGII‘ [ 3 LU “wLav

It

changed from 49.04 inches to 51.0 inches.

(U) Tbe cowbustion chamber structure, fabricated from cast aluminum, ié
8 smaller, refined version of the Demonstrator Module concept to provide
a lighter-weight, more efficient means of supporting the combustor tube
bundle. The low-pressure portion of the nozzle is supported by hoop com-
pressgion bands fabricated from Inconel 718. The truss portion of the thrust
rount is welded to the iuner periphery of the combustion chamwber structure

near the throat plane rather than bolted at 40 points.

(C) The.inner nozzle tube bundle still incorporates a 2:1 splice 4 inches
below the throat; however, 0.008~inch wall Inconel 025 is uscd for the
tubes below the splice, replacing the nickel tubes of the Demonstrator
Module.

(¢) Injector. The Flight Module injecior incorporates a similar
triplet orifice pattern as the Demonstrator Module; however, the injector
face has been reduced from & width of 2 inches to 1-1/2 inches, and the
centerline diamecter increcascd from 93.0 inches te 94.0 inches. In con-
irusi tc ihe Demonsirator Modulie, ihe hoi-gans passages from ihe tapofif
ports extend through the injector to the common tapoff manifold instead
of thre- 'h the combustor inner-boedy struciure, thus eliminating the hot-—
ges seals required on the demonstrator. The flight injector body is
attached to the combustion chamber structure by the bolts passing through
the 40 subsonic struts. A tapered oxiuizer inlet manifold with two tan-

gentia. inlets is welded to the top of the injector.

GONFIDENTIAL
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(U) Base Closure. The flight thrust chamber base closure is ident-

ical to the demonstraior with the esecpiion of a smallexr depth (11 inches

*

% s Foavedlinne 2 d -
location further into

waed to 1¢ inches) and

e
cavitly, which decreases overall epginc length.

(U) Thrust Strucwure. The thrust structure for the Flight Module
will be identical in concepit to the demrnatrator atructure. The Flight
i Module thrust mount, however, is refined frow the demonstirater in that

the radial bLeams are arranged symmeirically (a dircct result of a decrcase

T

in turbopump size), and the truse poriion is welded te ihe periphery of

boo *tha

the combus{or inner body. The syuwmeirical arrangement results in a min--
imum weight. A spherical gimbal bearing block of the type used on the
J-2 ¢ngine system rather than the nonretating mount of ihe dcmonstirater

is attached to the thrust mount hvrb at the engine lengitudinal centerxline

P L IR N

and transmits thrust loads to the vehicle atructure. The gimbal bearing
allows the engine thrust vector to be varicd 7 degrees in any directicn

| frou the nevtral position.

A PREIAAA Y MG ALK | Ponkeal

(U) Propellant Feed Subsystem. The Flight Module propellant feed sub-

| system is comprised of the saue basic components as thc demonstrator sub-

system. All components within the system are functionally identical to

e A LA e

the components employed on the demonstrator and are mounted in the rsame
manner. Component refinements and modifications have been incorporated

to save weight, increase reliability, and adapt the system to vehicle
operation. .ll components and plumbing &re jeoiped by welding,thus eliminat-

ing the lLolted flange connections used on the Demonstrator Engine.

{(U) The fuel and oxidizer turbopumps arc shorter units than those employed
on the Demonstrator Module, resultiag in a decrease in engine weight and,

also, allowing the fuel pump discharge manifold to be located below the

P B AU b e SRS 5P TN 61 W T U b (BN s 1

i thrust mount beam, which minimizes the fuel duct length aad routivg com-

i plexity. A 3-inch reduction in the fuel pump length was projected based




upcn improved hydrodynamic passage design and reduction in the pump
impeller and turbine rotor lengtha., A 1-1/2~inch reduction in the

cridizer puuwp length was prejected for similar reasons.

(U) The external line used on the demonstrator oxidizer turbopump for

supplying oxidizer power to drive the low-spced preinduccer turbine was

replaced Ly un internal flow passage in the puup assewbly housiug, thus

winimizing package eunvelope.

(U) The Flight Modulc main propellant valves diifer from the Demonstrator
Module valves in that they are individually sizcd to their reapective

fred line diameters and pressures, and the valve bodics are deasigned to
provide the capability of wclded assembly, thus eliminating seals and
minimizing systcm weight. Helium pneumatic supply is used for the

actuctors.

(U) Turbine Drive Subsystem. The turbiune drive subsystem fuel and

oxidizer turbine dischavge ducts formerly used cu the Demonstrator Module
have been eliminated by relocating the turbopumps deeper into the engine
cavity. Thus, the turbines discharge directly into the base closure,

All other component configurations are siwmilar tu ithose used on the Demon-—

strator Module except that welded joints replace the bolted connections.

(U} Hot-Gas Ignition Subsystem. The Flight Module hot~gas ignition sub-
system is ccnceptually identical to the dewmonstrutor subsystem, wiih the
only differences being that welded connections are (mployed between com~—
ponent and aubsystem interfaces, and pncumatic power is used for the valve

actuatora.

(U) Throttling aad Mixture Ratio Conirel. 1%e Flight Medule control

system anl acluation power subsystem are functionally identical to those
used on the Demonstrator Medule, with the exception that pneumatic power

is used foy the valve actuators.
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(U) Mass Propertics. The Flight Module center of gravity location,
woment of inertia properties, and weight arc outlined below. A detail
summary of module system and subsystem componeut woights is prescntied

on page 380,

ENG INE CENTER OF GRAVITY, j HOMENT OF INERTIA,
WEIGHT, INCHES 6 FT?
POUNDS SLUG FT
Y X z | YY 1 XX [ 21
2939 +10.7] +0.5 | +0,3 | 735 | 624 | 388

4

(U) Weight. The Flight Module weights were projected on the assumption
that development efforts and design refinements that would be impractical
for the Demonstrator Module could be made for the Flight Module. TFor
example, flanged fittings are used throughout the Demonstrator Module

to reduce development cost and time. The Flight Module will have all
welded fittings, resulting in a significant weight saving. Advanced tech-
nologies beyond the scope of the demonstrator program, but which could be
realized in a Flight Module development program, have also contributed to
a weight reduction. A compariscen of the PDemonstrator and Flight wodule
weights is presented in Table 53. A summary of the basic reasons behind
the indicated weight differences for each of ihe cowponents is shown in
Table 54 .

(U) Interface and Environmental Requirements. The vehicle connection

roints for the modile are the gimbal bleck, actuator attach points, pro-
pellant inlets, and the electrical and penumatic supply. The dimensional
location of the requircd interfeces for these conmections is listed in
Table 55. DBecause the Demonstrator Modulelwas designed to meet the Flight
Module environmental conditions, no changes in design are projected in

this area.
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(c) TABLE 53

SUMMARY COMPARISON OF DIEMONSTRATOR AND FLIGHT INGINE WEIGHTS

Demonstrats: Dogiue | Fiighi Engine
Thrust Subsystem (2675)* (1726)%%

Injecter and Manifold 352 210

Injector Clamp Rings 144 -

Structursl Tie &74 228

Inner Body (772) (547)
Inner Dody Structure 258
Tubes aud Brasze 159
lioxxle Structure 100
Inlat Manifold 30

Outer Pody (431) (341).
Quter Body 267
Tubes end Braze 52
Returu Manifold 22

Base Cloaure 72 72

Tapoff Hanifold 60 58

Thsuet Structure 300 270

Attach Parta 70 -

Turbine Drive Sabsystiew (106) ( 76)

Tapoft Liues 26 23

Tnlet Duct Oxidizer Turbine 6 2

Exheust Duct, Turbine 18 -

Tapeff Throiltle Valve 36 34

Oxidizer Turbine Throtile Velve . 18 15

Calibration Orifices 2 2

Hot-Gas Igniter Subsystem (112) ( 105)

Combustor and Injector 47 46

Hot-Gus Distribution Manifold 33 32

Hot-Gas Igniter Isoiation Valve 2 23

* Propellant Feed Line 2 2

Oxidizer Preasure Rogulator 2 . 2

Propellant Feed Subaystenm (1028) ( 833)

Oxidiger Turbopump (243) (258)
Preinducer 54 'y
Pump Assembly 91 7
Turbive Assenbly 198 139

Fuel Turbopuap (453) (347}
breinducer 41 30
Pump Asaembly 204 168
Terhine Asmembiy 208 149

Propellant Ducting 61 59

Propellant Flow Sensors g 9

Main Oxidizer Valve 60 59

Main Fuel Valve 59 58

Igniter Propellant Centro! Valve 11 11

Mounts Turbopump 32 " 32

Vent and lurge Subsystew ( 29) 27
Gimbal Beariag 81
Controls Electrical 39
Controls Phneumatic 52
Total Fngine Weight ()950) (2939)

#Ihrust chamber assembly welght gth)ust subaysten minus thrust structure) = 2375 pounds
##Thrust chamber assembly welght (thrust subsystem minus thruat strvcture) = 1456 pounds
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(C) TABLE 55

INTERFACE LOCATION

. | v |
in, in. in.
Gimbal Center 0 0 0
Gimbal Attach 0 +3.5 0
Fuel Pump 0 +9.5 +15.5
Oxidizer Pump 0 +7.5 -13.75

Actuator Attach
Points

Electrical and
Pneumatic

On thrust structurc ring
(two at 90 degrees)

To be determined

I |
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APPLICATION STUDY

(U) The prime objective of this study was to define a single engine module

by the Air Force. 8ix vehicles vere defined for a 250K vacuum thrust level
(Ref. 5), and six vehicles were defined for a 350K vacuum thrust level

(Ref. 6).

(C) It was concluded from this study that the common module for the 250K
vehicles should have a diameter of'78 inches and a rated thrust chacber
pressure of 1300 psia. Table 56 summarizes the engine and installation
data of the common module in the six vehicles. The module defined in this
study is truly common in that there are no changes or modifications re-

quired from vehicle to vehicle.

(C) The common module parameters for the 350K vehicles were determined to
be a diameter of 96 inches and a rated thrust chamber pressure of 1370

psia. The engine and installation data summary is shown in Table 57. i

which provides a high periormance index for the vehicle applications defined i
(c) The parameters for optimum and common modules for all vehicles at

both thrust levels are summarized in Fig. 163. In general, the lower-stage

vehicle modules optimize at higher chamber pressure than the modules for

the upper-stage vehicles, and the recoverable vehicle modules optimize at

significantly lower chamber pressures than de those in the expendable ve-

hicles. The optimum chamber pressure never exceeds 1900 psia. It is seen i
that for each case (250K and 350K), the optimum pressures are approximately
the same, and as anticipated the optimum diameters are larger for the 350K
modules. This same tremd appears in the common modules; namely, approxi-
mately the smzme chamber pressure for both, end the 250K common module has .
8 diameter of 78 inches compared to the 96 inches diameter for the 350K

common medule,
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{U) The¢ area ratics for the upiimum and common moduies are preeented in
Fig. 16k. The area ratio for each vehicle at both thrust levels are approx-

imately the same, This is also true for the coummon modules.

(U) A summary of weight, maximum diameter, and performance for the opti-
wum and common modules is presented in Tables %8 and 59.

(U) This study has shown that performance index i® guite insemsitive to
chamber pressure. In general a rather wide variation in chamber pressure
and/or module diameter can be accommodated with a resulting performance
index loss of less than one percent. An exception to this is Case 4 for
both thrust levels. Even theugh the loss for this cuse is farily insensi-
tive to a large change in chamber pressure, because of the geometry of the
given configuration, a small increase in module diameter leads to a large
loss in performance index. This has a sirong influence on the diameter of

the common module.

(C) The results of the special studies based on the selected common module

for the 250K thrust class vehicles are summarized below:

1. Constant Thrust Mode in lieu of the Selected Constant Chamber
Pressure Control Mode - the study indicates that when the con-

stant vacuum thrust mode is used:
a. The pesk mixture ralio shifis sliglitly to a lower value

b. There is no neticeable change in the maximum performance

index
¢. The optimum operating parameiers remain essentially unaffected

2. Nczzle Percent Length Variation - The study shows that the increase
in performance index is extremely small as the -nozzle percent

length is increased from the designed value of 25 percent.
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3. Programmed Mixture Ratic ~ Small gains in performouce index can
Le achieved in the booster vehicles through use ol prograumed
mixture ratio. The largest potientiel gain in performance was
realized in the single stage to orkii vehicle., 1a this casc,
the increase in performancs index smounied to approximately 2

to 3 percent,

4, The Use of a Side Gas Injection Thruai Vector Contiol System in
lieun of a Mechanical Gimbuling System - The cumparative study

indjcates that mechanically gimbalivg the eugine resalts in the

- -

highest performance index for all vehicles.

(U) A study wes conducted to determine the cffect «f stage weight-growih

constants which were specified for euch vehicle oo the optimum modulc param--

eters s the constanis for the recoverasble vebicles approached unity. The

conclusion was that as the constenls approached unity the optimum chamber
pressures for the recoverable vehicles approached the chamber pressures for

the expendable vehicles.

¢ Listed below are the significant conclusicns reached in the Phase 1
H

Applications Study.
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1. The common 250K amerospike engine to meet all six Air Force appli-

PRV

cations should have a design chanber pressure of 1300 psisa and
a diameter of 78 inches. The common 350K aerospike engine should

have a design chamber pressure of 1370 psis and a diameter of

TR b s et

9b inches.

2., There is no significant performance index advaniage to increasing
the 250K or 350K aerospike eungine design chamber pressure to a

value greater than 1500 psia for any of the six Air Force defined

ey ey

vehicles and missions.
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3. Bascd on the Air Force defined missions and vehicles, there is
ne need to throttle the common aerospike engine deeper tham 3:1,
nor operate over a mixiture ratio range greater than 5.7:1 to

6.7:1, except for possible propellant utilization requirements.

L, The Air Force defined reusable vehicles all require significantly
lower engine chamber pressures to maximize perlormance index than

do ithe expendable vehicles.
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